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The detailed studies have shown that dicalcium silicate 
is a rather remarkable compound with one very interesting phase 
transformation. In the pure compound, on cooling heated 
material the e phase transforms at about 400°C to the gamma 
phase; this change involves a lattice expansion so great that 
it cannot be accommodated, by the new phase which completely 
disintegrates to a fine powder. This transformation comnonly 
known as "dusting" is however very easily inhibited and the 
aim of the work has been to understand a little better what 
affects this transition and how the phenomenon of disintegration 
may be controlled so that it may be used to advantage. One such 
example with which the project was linked involves the use 
of dicalcium silicate as a core material in the vacuum 
investment casting of nickel base alloys, where a stabilized 
core of the sintered material, after fulfilling its role at 
the casting temperature might self-disintegrate on cooling 
thereby eliminating the need to dissolve it from the casting.
The work has shown that such an idea is quite feasible but 
that further development is necessary.
The sensitive transformation is markedly influenced 
by the heat treatment given to powder compacts, and the 
degree of impurities within the sample. These facts led to 
the use of very pure powders which always seemed to give 
gamma at room temperature. Interest then grew around the 
use of particular chemical additives, homogenized within very 
pure dicalcium silicate in order to stabilize the beta phase 
during the sintering cycle, but which could be rendered 
ineffective on a second heat treatment (usually in vacuo), 
thereby al lowing dus ting to take pi ace. Chromium trioxide 
is the most promising of the additives studied.
The all-important question of whether cores of dicalcium 
silicate will disintegrate in a real casting situation when 
the core is under constraint, has not been finally answered 
but the work would suggest the use of porous cores to allow for 
the necessary volume expansion.
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1. INTRODUCTION
Ihe compound dicalcium silicate is peihaps most 
commonly known as one of the hydraulic phases occurring in 
Portland cement clinkers. In recent years, however, a 
great deal of interest has been shown in the unusual and 
complex polymorphic behaviour of the pure compound.
Notably the tendency for heated material to disintegrate 
on cooling to room temperature. This phenomenon, commonly 
known as "dusting" is the beta* gamma phase transformation.
It occurs at about 400°C and involves a lattice volume 
expansion so great (some 12%) that the stresses involved 
cannot be accomodated by the new phase and there takes 
place a complete disruption of the crystals to a very 
fine powder. This phenomenon is however far from predictable 
in its occurrence and the higher beta phase is frequently 
retained down to room temperature.
In essence the research was designed to gain a greater 
understanding of some of the factors influencing this 
"dusting" transfoimation, the ultimate aim being to be able 
to prepare a powder of the compound which could be satisfactorily 
sintered i.e. by avoiding dusting, to produce some useful 
article, but which would then, on a subsequent heat treatment 
disintegrate on cooling. Such a process may find a useful 
application and one with which the project was linked was a 
programme designed to develop cores for the vacuum investment 
casting and unidirectional solidification of nickel-base alloys. 
Such cores are very often of small dimensions and removal 
from the casting is a particular problem. ' They are normally 
dissolved out, which is both costly and difficult. Ihe idea 
of a self-disintegrating core made from dicalcium silicate 
utilizing the beta-gamma transformation is a very novel and 
attractive one and may provide an ideal solution to the 
problem.
2. LITERATURE SURVEY
Throughout the programme a wealth of literature has 
been gathered on dicalcium silicate and the following 
critical literature survey illustrates the complexity of
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the phase transformations and the controversy which still 
exists amongst researchers. Because of the interest in the 
3*y transformation both in this project and the literature 
a separate section is included outlining the factors 
influencing it. Some useful information on the preparation 
of powder and the crystal structures of the different phases 
is included.
2.1 Industrial Significance
Dicalcium silicate has been of concern in three
important technological fields. Firstly, peihaps the most
important is in the Portland Cement industry. The 3
modification is one of the more important constituents of
the cement, its hydraulicity leading to the development
of strength with age. Since the room temperature stable
Y form possesses no hydraulic properties its appearance in
the manufacture of the cement clinkers is always undesirable
and steps are always taken to preserve the metastable 3
form in the final product. This 3 foim is in fact easily
stabilized and moreover is the most commonly found form of
the modifications, y being comparatively rare. In the field
of alumina production, coupled with hydraulic cement
production (Seailles-Dyckerhoff process) the dusting tendency
of C2 S has been used to advantage. Clearly in any operation
requiring mechanical pulverization of a product, if that
stage can be omitted then this leads to a considerable
saving in costs. In the Seailles-tyckeihoff process there is
intennediate stage involving the self-disintegration of the
r l')
clinker. L. Kapolyi et al .  ^J outlined a patented process
for the manufacture of self-disintegrating products 
containing dicalcium silicate. F. Wolf and H. Ritzmann® ^  
have examined in detail the factors affecting the dusting 
behaviour of C2 S containing clinkers.
Secondly, in the field of refractories, there has been 
interest in dicalcium silicate and ways to prevent dusting. 
Dolomite refractories contain essentially magnesium and 
calcium carbonates in roughly equimolar proportions. This
natural mineral is burned to furnish the corresponding 
oxides. Because of the natural tendency for the lime to 
hydrate and crumble and so render useless any refractory 
brick, additions are made to convert the lime to another 
more stable compound, which is not susceptible to 
rehydration. Ihe most obvious choice is to form a calcium 
silicate by adding silica. In practice silica is added 
either as talc, (3MgO. 45102.^0) or serpentine (3 MgO.2 SiO2 .H2 O) 
to form a considerable amount of tricalcium silicate which 
is a satisfactory alternative compound. Usually of course 
some dicalcium silicate is produced and therefore small 
quantities of stabilizers are added to prevent the 3 -*r 
inversion, such as boric oxide, chromic oxide or phosphorous 
pentoxide. Many standard texts can be sought for further 
information.
Thirdly, it has long been the practice to use waste 
blast furnace slag as both an aggregate for hydraulic cements 
and road tarmacadam. Naturally the disintegration of C2 S 
containing slags (known here as ’’falling” slags) has rendered 
them unsuitable and steps have been taken to stabilize them, 
e.g. T. Parker and J. Ryder
2.2 Polymorphism
The great variety of ideas about the polymorphic 
behaviour of dicalcium silicate is quite surprising and new 
information along with revised theories continue to appear 
from time to time in the published literature.
The dusting phenomenon was observed early on in the 
development of the cement industiy and was first studied by 
Le Chatelier ^  who correctly attributed the phenomenon to 
a polymoiphic change. It was thought for a long time that 
there existed only three phases a, 3 and y. Phase 
equilibrium studies by Day and Shepherd (6 ) and Rankin and 
Wright ^  had shown the existence of three polymorphic 
forms; a monoclinic or triclinic form said to be stable above 
1420°C (melting at 2130°C) which inverted reversibly to an 
orthoihonibic or monoclinic 3 modification which later 
transformed at about 675°C to the considerably less dense
7
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consistent with this picture. Bredig ^  in a 
series o£ investigations on the solid solution of C2 S in 
K^O.CaO.S^. had proposed that there ought to exist two 
forms which possessed structures (a and a’) similar to the 
hexagonal high temperature and orthoihonibic low temperature 
forms of potassium sulphate. Van Valkenburg and McMurdie^^ 
and later Tromel and jiiller^^ confirmed directly by high 
temperature X-ray diffraction the assignment of a hexagonal 
(glaserite) structure of a-^SO^ to c^S. Green had 
observed high temperature hexagonal solid solutions of
Na2 0  and + e^2^ 3 ^  silicate.
" " further found the existence of a form similarTromel
in structure to the orthoihonibic structure which is
the a' form proposed by Bredig and stable between 850°C and 
1400°C. In 1942 O’Daniel and Tscheischvili^^ had assigned 
an orthorhombic structure to the y modification (not 
monoclinic) analogous to olivine; and two years later Barrett 
and McCaughey^^ had proposed a monoclinic structure to the 
8 form. Tromel’s X-ray work had suggested that 8 was not a 
true stable high temperature modification. Bredig^^ first 
proposed his free-energy/tenperature diagram in 1950 shown as 
follows in Fig. 1
Fig. 1 FREE ENERGY/TEMPERATURE DIAGRAM OF C2S (BREDIG 1950)
M’rJOfJ UorZo?\C, S°^ ~
/ *•' i cRThoRhom&c 
(■ y . „ (( I
^4* ^O/JQCurJtC,HONO~ZAO?tc
IZ. 00 IHOO
From the above information the course of transformations is 
shewn below and it was believed that the finishing touches 
had been made to the complex picture of polymorphic behaviour. 
Thilo and Funk^^ in 1953 published essentially the same 
scheme with slightly different temperatures. Their work had 
involved experiments with a low melting point model system 
NaF-Bep2 reported on in several earlier publications. Their 
temperatures are given in brackets:- (Fig. 2).
Fig. 2. SCHEME OF THE TRANSFORMATIONS OF C^ S (BREDIG 1950, 
THILO AND FUNK 1953)
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The above scheme has been widely accepted and still appears 
in this basic form in many standard texts. It seems certain
t
that the a, a and 3 phases are closely related and that the
transformations 3 * a1 £ a are enantiotropic and fairly rapid.
2+The calcium ion Ca has a high co-ordination number with 
respect to oxygen consistent with the relatively high densities. 
On the other hand the y phase is of low density and entirely 
unrelated to the other three forms and transformations 
involving this phase can be expected to be sluggish, y-nx’ 
and 3^ r transitions are monotropic. The substitution of the 
a* phase for the previous 3 phase in the temperature range 
between the y and a phases led to a more satisfactory and 
simpler situation from the crystal chemical point of view 
than Bredig's earlier equilibrium diagram , where the 
temperature range between the y and a phases was shared by
h£l r
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thermodynamically stable equilibria and is a metastable 
phase but because of the lattice expansion of 121 which 
would be necessary for a' to invert directly to y (density 
change from 3.31 to 2.97 gm/cc respectively), the appearance 
of a metastable intermediate foim can be expected where the 
formation of a stable (y) phase is a major reconstructive 
one taking place at a tenperature considerably below the 
melting point, which is a range of at least 1300°C taking 
800°C as the theoretical inversion point. The appearance 
of 8 (density 3.28 gm/cc) involves only a 21 expansion. Ihe 
remaining 101 expansion is possible however and associated 
with the dusting phenomenon. Frequently the 8 phase is 
itself unable to make the transition to y and it appears as 
a room temperature metastable phase, but which, for all 
practical purposes, can be considered as stable. The study 
of the factors which influence the 6-^y inversion has been 
the entire matter of several publications (see section 2.3).
The critical point of 675°C assumed previously to be 
the temperature of change between y and 3 is now established 
as being between the a' and 8 phases and it is significant 
that this point lies within a range of only metastable 
existence of both the a * and 8 phases; both forms are 
metastable with respect to y the true stable phase at this 
temperature. According to Bredig*s scheme, which of the 
three forms a', 8 and y (given in increasing order of 
stability) dicalcium silicate assumes on cooling depends on 
the nature of the inhibitions of the inversions of a’ below 
850°C. More will be mentioned below regarding stabilization 
of high temperature phases.
(2 2)Nurse ^ J in 1952 gave a thorough review of the state 
of knowledge of C2 S. His work included the use of differential 
theimal analysis and led to a very slightly modified Free 
Energy/Temperature Diagram. (Fig. 3).
A description of the phase changes according to Nurse’s 
DTA work is as follows. On heating pure C2 S in the y form, it 
undergoes a sluggish transition to a', the maximum endothermal
fi
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eitect being recorded at temperatures varying between 78CTC 
and 830°C. At 1447°C a large sharply defined endotherm is 
recorded denoting the transition of a’ to a. On cooling, the 
a a' change takes place at 1425°C with the formation of $ 
at 670°C, marked by a clear thermal arrest. Inversion to y 
is exothermic but the dusting makes measurement of the heat 
effect impossible. Ihe $-»y inversion is easily undercooled 
and the temperature of onset of dusting is very variable, some
Fig. 3. FREE ENERGY/TEMPERATURE DIAGRAMS OF C2S (NURSE 1952)
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reported values are as low as 375 C whilst others are as high 
as 525°C. If material is cooled to below 675°C and kept from 
dusting it can be re-heated to 705°C where a reversal to the 
a’ form is seen with a small and sharply defined heat effect. 
The same effect can be seen if undusted (stabilized) 3 material 
is heated from room temperature. The DTA traces are shown 
overleaf(Fig. 4).
Fig. 4. DTA CURVES FOR C2S (NURSE 1952) 
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It is interesting to refer to the DTA work of 
Thilo and Furik^^ who recorded the transformation of 
y-^ x’ as rather higher, between 920°C. They suggested 
that their value was in close agreement to the value of 
980°C proposed by considering the transition y Na7BeF.-*a’
f 23TNa B^eF^  in their model system. Smith, Madjumdar and Ordway^  J 
in a much later investigation have carried out some DTA work 
and have fixed a temperature range from about 725°C to 
between 860°C and 925°C for the y-*a’ transformation. Nurse’s 
heating curve does show a small endotheim within the range of 
a' stability though he makes no comment about this. Mention 
will be made concerning this together with other evidence 
(including more sensitive DTA measurements and X-ray diffraction 
studies) for the existence of another phase change within the 
a' region.
r?4 )
Newman and Wells in 1946^  J pointed out that the upper 
inversion temperature varied with the CaOrSiO^  ratio of the 
preparation and were unable to say definitely which inversion 
temperature was for the pure material; either the inversion 
point was raised by excess lime, suggesting a lower solubility 
of lime in the a foim or was lowered by excess silica.
Normally the course of the inversion temperature variation as 
a function of composition should decide this point when 
approaching the stoichiometric ratio, but the change close to 
this ratio was abrupt and occurred over a range of composition
12
smaller man mat wftich could be detected by chemical analysis. 
The additions of excess silica to the normally pure C2 S lowered 
the inversion temperature to 1438°C. Further additions caused 
no further significant lowering, but, rather, the appearance 
at a higher temperature of a molten phase which is presumed to 
be the incongruent melting of the compound SCaO^ SiO^  into 
2Ca0.Si02 and liquid according to the CaO/SiC^  phase diagram 
(Fig. 5). Such evidence suggested that silica does not foim 
solid solution. The silica added initially and which lowered 
the inversion temperature is believed to have restored 
stoichiometry and it is considered that this lower inversion 
temperature is the true one.
FIG. 5. CaO/Si&, EQUILIBRIUM DIAGRAM
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rapid a’ •* a change is said to occur at about 1447°C in pure 
C^ S increasing to at least 1465°C in solid solutions
containing excess lime. The idea of lime entering into solid
solution in greater solubility in the a’ phase is upheld.
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Dyckerhoff^  J has demonstrated that 8% of lime can enter 
into solid solution with 8 C2 S.
In 1953 Saafeld^^, on the basis of detailed X-ray 
diffraction work, had proposed his scheme for the polymorphic 
behaviour of C2 S in which the a’ foim serves as a transition 
form to all other modifications. This implies that there is 
a possibility of transformation of a’ directly to the y phase 
at 850°C. His scheme is as follows. (Fig 6 ).
FIG. 6 . SCHEMATIC DIAGRAM OF IHE C2S MODIFICATIONS (SAALFELD 1953)
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Which phase a’ transforms to on cooling is decided essentially 
by energetics. The 8 lattice is very similar to the a* and 
the energy of activation is much smaller for the transition of 
the a’ to the 8 . The y lattice however is very different and 
the corresponding activation energy far greater but nevertheless
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it may be possible in a highly disordered lattice to find 
viable nuclei for y formation. He may be theoretically 
correct, but all practical evidence demands the transition 
of a* firstly to B then to y.
Saafeld has also, on the strength of a very slightly
changing X-ray diffraction pattern above 1600°C, proposed 
the possibility of a cubic structure at high temperatures.
Again he is alone in his proposal, not because of contradictory 
evidence but mainly because most X-ray work has not been 
carried out at such elevated temperatures.
(27)Toropov et__alv J 1956 on the basis of high temperature
X-ray work had proposed quite a different scheme to most
other authors (Fig.7).
FIG. 7 TRANSFORMATIONS OF C2S (TOROPOV 1956)
They accredit 3 with a true stability field as well as naming 
a so-called B1 phase.
The overwhelming evidence now is that their 3 phase, 
corresponds to the first appearance of a1 and their 3' phase 
to the disappearance of the last trace of y with complete a’ 
formation. Indeed Smith et al have pointed out the great 
similarity in X-ray diffraction patterns. As far as the 
cooling sequence is concerned there is a true 3 fornned at 
about 650°C. It is interesting also that they detect a 
change in X-ray pattern at 1230°C, additional evidence of 
another phase change within the existing a* range.
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smitn, Majumoar and urdway^  ', nave made a most 
thorough re-investigation of the polymorphism. Although 
they made no fundamental changes in the basic earlier 
scheme of Bredig's it was found that the 3 modification 
during cooling inverted completely and rapidly to the y 
modification only if the material had previously been heated 
to above the upper a' ^ a transition point (1435 + 10°C 
according to them).
X-ray diffraction patterns made by the same authors 
have revealed the presence of a few additional weak peaks 
in the a' phase compared to the a' produced during the 
heating run. They made an obvious conclusion that the two 
forms were somewhat dissimilar in crystal structure and 
that this was probably responsible for the difference in 
polymorphic behaviour on cooling to room temperature. They 
also claim to have detected a different X-ray pattern for 
the 3 produced from cooling the high temperature phase.
These two phases they have designated 3^  and a'^  (the "H" 
indicating the "high" forms) and have had to re-name the 
well known 3 and a' foims 3^  and a'^  ("L" for "low"). It 
is suggested that the 3^  form may correspond to the 3' phase 
of Toropov's, yet this author noted the appearance during 
heating; unlike Smith. It is perhaps more likely that it is 
not the 3^  but the a'^  form of Smith's which corresponds to 
the 31 form of Toropov which is the already well known a' 
phase. It appeared that a Ca2 SiO^  sample had to be heated 
to a temperature high enough to form the a variety if the 3 
foim was to convert entirely to the y form on cooling. 
According to their results they proposed that it is the a'^  
form derived from cooling a which inverts to the 3^  phase 
around 670°C and that the activation energy barrier between 
Bpj and y is lower than between 3^  and y which allows the 3^  
phase to convert very readily to the y around 400°C bringing 
about dusting. They admit to only having poorly resolved 
X-ray patterns due firstly to the rapidity of taking the 
patterns, which may well have caused thermal inhomogenie ties
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in the sanples, and secondly because of an increased particle 
size due to grain growth. It did not occur to them that the 
very existence of grain growth may itself have played a very 
significant part in the tendency to dusting. This influence 
had already been noticed by Guinier and Yannaquis^^ in 
1957 and it was later to be incorporated in the more recently 
proposed schemes of polymorphic behaviour by Niesel and 
discussed in this report.co-workers
The scheme of Smith et al may be summarized as follows 
in Fig. 8.
FIG. 8. PHASE RELATIONSHIP OF C2S (SMITH, MADJUMDAR, ORDWAY 1961) 
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They likewise constructed their version of the free energy/ 
tenperature diagram shown below, indicating the stable and 
metastable regions Of the and a’^  phases,
FIG. 9. HYPOTHETICAL SCHEMATIC FREE ENERGY/TEMPERATURE DIAGRAM 
FOR C,,S
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that 8 did not have a stability region. The Y^a’^  inversion 
is normally given as beginning at about 725°C. Using Roy's^^ 
hydrothermal data which gives a transition for y^' l at 
2000 p.s.i. to be 675°C, and using a AH value of 3440 calories 
per mole according to Coughlin and O’Brien^^, they determined 
the theoretical transition of Y**®'^  at atmospheric pressure to 
be 680°C, very close to the 8-hx’^  inversion of 670°C. If the 
re-calculated value at 2000 p.s.i. is more than 10°C above the 
true y^' l transition tenperature then extrapolation to 
atmospheric pressure will mean it is actually below 670°C and 
8 will then have a very small stability region. No further 
work has proposed any similar idea.
It was in 1967 that the first conclusive evidence for
the existence of an a’ and a'^  phase was put forward by
Niesel and Thormann^  ', but the conditions for their
existence are a little different from those of Smith et al.
From their work has arisen the most satisfactory scheme to
date. Their evidence is more convincing than that of Smith
et al, they have clear thermal expansion data showing a
pronounced drop in the thermal expansion coefficient at 1160°C.
Ihe y phase was only found from material which had been heated
above this tenperature. The final room tenperature yield of
8 C^S in heated material reaches a maximum at 1160°C after
which the amount falls off. In a later publication of Lehman,
r 321
Niesel and Thormann v J, details of very sensitive DTA work 
have revealed a very small endothermal effect at 1170°C, 
agreeing with Nurse's earlier curves. Such evidence enabled 
the a' region to be split into an a'^  and an a'^  region below 
and above about 1160°C. Contrary to Smith et al the existence 
of these regions do not depend on the thermal history of the 
material. The change from a'^  to a'^  was shown to be a 
change from an ordered to a disordered structure, agreeing 
with Saalfeld , yet this change is incomplete for short 
heating times and if material is heated to between say 860°C 
and 1420°C for a short time then either the 8 modification
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aiuiie or a mixture or y ana p is proaucea, out not y alone. 
This would explain the results of Smith et al. if the time 
within the a'^  region in their experiments was short.
However when heating above the a ?-k* transition temperature 
there would have been opportunity for grain growth which on 
subsequent cooling led to the disordered a'^ structure which 
was able to transfoim -via 3^  ultimately to y at low 
temperatures. Niesel and Thormann found that .. "by heating 
a mixture of lime and silica above 1160°C it yielded on 
cooling predominantly 3^  C2 S between 650°C and 630°C which 
transformed at 450°C to y C2 S. With sufficiently long heating 
times or by correspondingly higher temperatures and shorter 
cooling times so the yC2 S conversion tended to be more and 
more complete". Fig. 10 illustrates the yield of room 
temperature products starting from raw materials as determined 
by X-ray diffraction techniques.
FIG. 10. SEMI-QUANTITATIVE X-RAY COMPARISON OF CONCENTRATIONS 
OF CaO, Si02 > Y atid 3 C2 S
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regions of C^ S in which the significance of the grain size of 
cl ^  is brought out, this being shewn to be one very important 
explanation why sometimes $ and other times the y phase is 
present at room tenperature.
FIG. 11. SCHEME OF C^ S POLYMORPHISM (NIESEL ET AL 1967)
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It is to be noted that a1^  does not transform to 8^ , contrary 
to the view of Smith et al, but transforms to a'^  be it fine 
or coarse grained. Ihe coarse grained phase can usually only 
be made by a collective re crystallization in the a'^  region 
and this is achieved either by slow cooling through the a1^  
region or by an annealing treatment at a high temperature in 
the same region. This has been verified by Yannaquis and
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Guinier^  J who have determined by X-ray work that a critical 
grain size of aV of 5pm is a necessary requirement to yield 
yC^ S at room tenperature, because of the limited number of 
nuclei of the lower phases in a high phase. Such a size of 
a* ensures that each grain contains a nucleus of the lower 
phase which will transform the whole grain - and consequently 
the whole mass of material. Ihey have shown, too, that 8 is 
always in a fine grained form at room tenperature; in other 
words coarser grains cannot exist at low tenperature because 
they transform to y. The influence of the particle size is 
shown too. Under identical conditions grains greater than 
40pm after being heated to 1100°C yielded 95% YC2 S whereas
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initially small, micron sized grains yielded only 501.
Neither the time of heating nor the degree of compaction 
of pellets was specified; both factors were shown by Lehmann, 
Niesel and Thoimann to have some influence. Longer heating 
times make it possible to shift the a'^  - a1^  boundary to 
lower temperatures though quite what this means is not 
certain. The evidence on which they based this view was the 
first appearance of yC^ S alongside 3 after heating to 1020°C 
(Fig. 10). Both y and 3 C2 S increase together until 1160°C 
after which YC2 S predominates. The so-called shift in the 
a’k - a'^ j boundary could possibly be the result of the growth 
of a'^  below 1160°C to "overcritical" size at long heating 
times-, rather than the appearance of the true disordered 
lattice which is said to be a factor contributing to 
enhanced grain growth and therefore final y content at room 
tenperature for shorter heating times. A greater degree of 
powder compaction has been shown to enhance the grain growth 
of cx’^.
(33)Yannaquis and Guinier^  J had failed to produce y by 
quenching from 1500°C but, by slew cooling from 1500°C to 
1400°C initially, y was formed even if the final cool was 
rapid. These observations agree with Niesel et al, who in 
addition did manage to produce dusting by quenching from 
1700°C after one hour holding, peihaps due to a high degree 
of a grain growth which somehow influenced the a’^
microstructure. Other evidence for the existence of the__
1160°C transition point is given by Yamaguchi, Gno, Kawamura 
and Soda^^ who found a weak endothermal DTA effect between 
1150°C and 1190°C and suggested that the two af forms either 
side of this temperature were very similar in structure. Both 
unit cells were shown to be orthorhombic with a doubling of 
the a and b lattice parameters for the a’^  form due to the 
presence of five weak lines which cannot be indexed in the 
smaller unit cell of a’^. This was verified by Regourd,
Bigare, Forest and Guinier^*^ .Chromy^*^ in his microscopic 
findings noted a sudden change in birefringence at 1170 + 20°C.
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(37)Manzhumet and Starchevska^  J who determined a tenperature
of 1160°C for the onset of the appearance of what they
called YC2 S after cooling a heated mixture of calcium
hydroxide and silica. Vasenin^^ has a change in DTA
curve at 1230°C and, as shewn above, Toropov had a change
of X-ray pattern at 1230°C which he regarded as a B'-hx'
transition. The dilatometric studies of Fierens and 
(39)Picquetv J in 1975 show an inflexion in their traces at 
1125°C.
In 1976 Midgley^^ presented the results of some 
careful X-ray work and differential thermal analysis. In 
his high tenperature X-ray camera he observed firstly the 
disappearance of YC2 S at 850°C but then, surprisingly, a 
change of pattern at 1000°C. The data from the phase within 
this tenperature interval was only indexable on the basis 
of a monoclinic cell, which he designated a’^. He found 
the already well known a’^  form up to 1200°C when the 
pattern changed again to that of a’^. His DTA runs revealed 
equivalent changes at 979°C and 1177°C on heating (973° and 
1170° on cooling). Peaks were also found at 920° on heating 
(909° on cooling) which he suggested may indicate still 
another undescribed phase. De Keyser^^ in 1951 had already 
discovered DTA peaks on heating C2 S at 925°C (850°C on 
cooling), but made no comment. Midgley’s phases may be 
summarized as follows: (Fig. 12).
FIG. 12. C2S POLYIORPHISM (Midgley et al. 1974)
(No cooling Data)
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2.3 Factors Affecting the B-y Inversion
The important effects of the grain size were 
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noted above, but in addition there are several factors 
which can affect the transition and these justify a 
separate section. Grzymek and Skalny^^ cited a 
tenperature of 1425°C ± 10°C below which material did 
not dust in their heating experiments. Compacts heated 
to 1430°C were observed microscopically to shrink at 1425°C 
and on subsequent cooling were found to have undergone a 
noticeable volume expansion. As material was heated to 
higher temperatures so the tendency to dust on cooling 
increased (Fig. 13).
FIG. 13 (i) FIG. 13 (ii)
Volume Expansion of Volume Expansion of
Compact cooled from Compact cooled from
1430°C. 1450°C.
They have proposed that the critical temperature is the
temperature of the appearance of a molten eutectic phase,
because of the shrinkage of the compacts which cannot be
explained by the transition, which demands a volume
expansion (pa! = 3.3 and pa = 3.07 gm/cc). This eutectic
is formed between lime and silica (roughly 651/351) at
local regions of inhomogeniety of the overall stoichiometric
mixture. The appearance of the liquid phase enhances
consolidation and grain growth, which must be carried over
into the a’^  region giving conditions conducive to the
transformation. That this effect was due to the appearance
of a eutectic and liquid phase and not the a’ -kx
trans formation was demonstrated by incorporation of
additives which lowered the eutectic temperature. It was
shown how only by heating above and not below the temperature
of the molten phase could the transformation take place.
Whilst it is true that a liquid phase enhances grain growth
it is not true to say that this alone is the controlling
factor. Grain growth is clearly possible in sufficiently
compacted samples below a eutectic temperature, as already
made clear above. Similarly it is possible to avoid dusting
by cooling rapidly from the higher a region, as shown by
('33')Yannaquis and Guinier^  .
Tromel, Fix and Heinke^^ have mentioned the obvious 
fact, not brought only by others, that for a 12% volume 
expansion to take place in burned material there must be a 
contraction beforehand, as it is inconceivable that material 
could continually expand on repeated cooling from high 
temperature without it shrinking each time. This idea is 
reasonable but, of course, there are other factors superinposed 
onto this. The diagram below (Fig. 14) illustrates the rapid 
increase in sintering and densification above the a’ -> a 
transition temperature followed by eventual dusting on 
cooling. There is no mention of a liquid phase.
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Specimens heated below the a’-nx inversion underwent a 
volune expansion yielding a mixture of B and y phases.
Nothing is mentioned of heating rates or times of holding 
at temperature. Saalfeld^^ reported complete dusting 
in specimens heated to 1400°C for Shr.yet no dusting from 
1500°C. Grain growth of a'^  will explain the dusting 
from 1400°C but Saalfeld suggested that the higher temperature 
favoured the diffusion of foreign ions into the a lattice 
which brought about stabilization of the B-^S. A more 
complete discussion of stabilization is given below. I^ a 
and Desch^^ reported a reduction of y content in quenched 
specimens as the a'-*x transition temperature was exceeded.
S. Chromy^^ has made an exhaustive set of heating 
experiments. He emphasized that the determining factor in 
the completeness of the B-*y inversion is the B grain size 
and that this is dependent on previous heat treatment during 
which recrystallization can proceed. He found that intense 
recrystallization took place on cooling at the a’+a 
inversion point. This is further evidence for the effect 
of the grain size of the a’^  rather than the a.
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so, trom tne literature, the reasons for dusting not 
proceeding from cooling material below the a’^ a transition 
point can usually be traced to insufficient grain growth 
of the a’j_j phase, which is a time and temperature dependent 
process. What is not certain is whether or not passage into 
the a phase region has any direct effect. To what extent 
the a phase microstructure is reflected in the phase on 
cooling is an interesting question. Saalfeld^^ stated 
that in displacive transformations (such as a-Kx') the 
crystal integrity is preserved through the inversion, but 
this does contradict directly the evidence of Chromy. If 
complete recrystallization takes place at the transition 
temperature then the passage into the a region ought not 
to have any effect, but some authors have shown that, under 
the conditions of their experiments, it does.
(b) Chemical Inhibition
In 1953 an interesting series of experiments was 
conducted by Thilo and Funk^^ who presented seemingly 
convincing evidence for the marked influence of alkali 
oxide impurities. The fire-clay lined furnace gave an 
atmosphere containing traces of sodium oxide which were 
absorbed into the surface of the C2 S compacts in the 
heating experiments. This led to the occurrence of dusting 
only within the centre of the compacts where the alkali had 
not diffused. Sintered pieces of the surface remained 
which were shewn by X-rays to be 3. These pieces were made 
to transform to y by a re-heating in a quartz tube at 1000°C, 
the explanation being the absorption of the volatile Na2 0  
from the material by the quartz. The reported amount of 
oxide necessary to stabilize the 3 form was some 0.2 mole 
percent and in a later publication Funk^^ stated that for 
very small crystals ('vlym) the effective concentration could 
be as low as 0.01 mole percent. Yannaquis and Guinier^^ 
and Niesel and Thoimann^^ both suggested that these amounts 
were much too small, concentrations of about 0.2 mole percent 
failing to stabilize their specimens; but, of course, the
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concentration of oxide in their compacts may have been 
reduced by volatilization to below its effective level.
There would seem to be an obvious grain size effect in 
Funk’s experiments which peihaps makes irrelevant the 
concentration of alkalis. Newman and Wellshowever 
have reported dusting in pellets, heated to above the 
a ’-** transition temperature, which contained as much as 
31 Na^O as determined after heating. It is not clear if 
this figure was for weight or mole percent but in either 
case it is high.
The phase changes of C2 S, and in particular the
inversion are also influenced by the deliberate addition of
chemicals which are incoiporated into the lattice. This is
crystal chemical stabilization (of which sodium oxide is an
example) and the earliest work on the effects of additives
was done in the cement industiy to preserve the hydraulic
3 form of C^ S, and it was found in 1917 by Bates and Klein
that small amounts of such oxides as ^r2 ^ 3  cou^
cause the high temperature form to persist for some time.
These two oxides, together with the more common have
remained the most widely used chemical inhibitors. Flint and 
(49)Wells '* J first demonstrated the solid solubility of boric 
oxide in C2 S. Zerfoss and Davis investigated a large 
number of oxides at 1  mole percent and have added vanadium
5 + c-f
(V ) and arsenic (As ) to the list of stabilizers. They 
are all, in general, soluble in the high but not the low 
temperature forms of dicalcium silicate and therefore must 
be precipitated out before transformation can take place. 
Since this is too slow to occur under normal circumstances 
the inpurity is held in solid solution and consequently the 
higher phase is preserved. A more detailed account of this 
mechanism of crystal chemical stabilization has been given 
by Zerfoss and Davis. The low activity of the stable y 
phase is a result of the high co-ordination number of oxygen 
with respect to the calcium ion (6 -8 ). With increasing 
temperature the thermal vibration of oxygen creates a lcwer 
co-ordination number of 4 and the calcium is able to achieve
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such as phosphorus (as phosphate or oxide) leads to a partial
3-replacement of the silicate ion by phosphate (PO^  ). The
phosphorus, because of its smaller ionic radius is less
demanding on oxygen than silicon. A small oxygen excess
therefore is available to the calcium ion which is able then
to simultaneously create the high co-ordination requirement of
the stable room temperature foim as well as maintain its
active role. Without the stabilizer, the calcium ion would,
according to Zerfoss and Davis, have to drop into an oxygen-
bordered hole of a rearranged y lattice. In this way the
lattice energy of the 3 is lowered and it is stabilized to
room temperature. Newmann and Wells have added manganese
(Mn^ +) to the list of inhibitors. Dietzel and Tscheischvili^^
in 1953 proposed a theoiy of crystal chemical stabilization
and showed how for effective stabilization the size of the
cations must increase on average in proportion to the size
of the anions. Ihis is achieved by adding either cations
?+larger than the Ca ion or anions smaller than the anion 
4-complex (SiO.) . Examples of the latter have been given;
2+ 2+Barium (Ba ), Strontium (Sr ) are examples of cation
+ + substitution as are potassium K and sodium Na , though
there has been mentioned some difference of opinion as to
the usefulness of the two alkali oxides. Small additions
of FeO have been reported by Suzukawa^^ to promote dusting,
2 + 4—its radical size being between that of Ca and (SiO.)
Schwiete, Kronert and DeckertL in a much more recent review of
   the stability-regions of dicalcium silicate failed to obtain----
stabilization of 3 with 1, 3 and 5 percent additions of BaO
and SrO; they leave unexplained these observations, which
contradict the theory and results of Dietzel and Tscheischvili.
The effects of the above mentioned anion substitutors were
verified. In addition the variable effects of chromium and
manganese were noted under conditions of vacuum. Heated
compacts remained stabilized in the 3 phase only if present
in a partial oxygen pressure greater than 75 torr for
chromium and 150 torr for manganese. Pressures beneath these
values reduced Cr^ + to Cr^+ and Mn^+ to Mn^+, both ions
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larger than Si**' but smaller than Ca^  and y phase was 
allowed to form. Fig. 15 depicts conveniently the relative 
sizes of many ions indicating those which stabilize 3 and 
those which do not.
FIG. 15 RELATIVE SIZES OF A SERIES OF IONS SHOWING THOSE 
WHICH STABILIZE 3 -C2 S~
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These authors have proposed a hypothesis of crystal chemical 
stabilization based on nucleation. It is already known that 
at temperatures beneath that of a phase transition there 
exists at every temperature a critical size of nucleus which 
must be exceeded before the new phase can actually come about. 
They propose that the stabilizers occupy lattice sites and 
interrupt nucleus growth before the critical size is achieved 
and so the higher phase remains. This demands that the 
stabilizer be taken up into the lattice. N u r s e h a s  made 
his own proposals as to the mechanism of stabilization and 
points out that for anion complexes smaller than that of 
silicon those with a charge more negative e.g. BO^ are 
particularly effective because the excess charge requires the
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insertion of Ca" or similar ions in interstitial positions
whereas anions of smaller charge e.g. PO, make it necessary 
2+to omit Ca from the normal positions and for this reason 
they are less effective.
As far as deviation from stoichiometry is concerned,
Newmann and Wells have examined the effects of line and
silica rich mixtures on the a’-kx transition temperature.
Only incidentally do they report the effects on the dusting
phenomenon. They showed that for 0.05 and 4.01 lime
additions the dusting was not inhibited under the conditions
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of the experiments. Dyckerhoff^  J, it was mentioned above, 
has shown that 8% lime can be taken into solid solution in
and perpetuate the structure to room temperature. Nurse 
indicates that preparations containing an excess of lime 
become stabilized in the 3 form after frequent heating. The 
calcium and oxygen ions are absorbed interstitially. It is 
pointed out that silica does not enter the lattice but rather 
forms silicates more acidic than C^ S e.g. C^. Nurse has 
suggested that in stoichiometric mixes during preparation of 
yC^ S a lime excess is created by loss of some silica in 
forming these other silicates, and the lime remaining 
stabilizes the 3 phase. This he proposes is the explanation 
for the anomalous stabilization of pure preparations reported 
by many authors.
Tromel, Fix and Heinke^^ report that lime-rich mixtures 
with as little as 0.431 excess lime may dust partially after 
the first heating and then are stabilized. It is easily shown 
that 0.43% lime can yield as much as 51 by weight of C^ S. 
Funk^^ noted that the effects of excess lime depend on the 
particle size of the y into which it is added. For very pure 
C^ S of particle size 2 0 -1 0 0 ym,y is formed with lime excess, 
the amount not being stated. For small crystals an excess of 
lime inhibits the inversion and also for the larger particles, 
provided a small amount of impurity oxide is present as well.
30
His reasoning is a little illogical it seems. Only Newman 
(24)and Wells J have made any investigation on the effects of 
silica on the polymorphism of C2 S. Its effect on the a'-Kx 
inversion as well as foimation of i^as been shown above. 
Every specimen of Newman and Wells dusted on being cooled 
after 1 hour at 1460° - 1480°C, the percentages of silica 
excess were 0.12, 0.19, 0.25, 0.5, 1, 2, 4 and 11.7. 
melts incongruently at about 1460°C and it is likely that 
grain growth is enhanced by the molten phase, encouraging 
eventual dusting.
(c) Physical Inhibition
The 3-+Y inversion is commonly known to be inhibited 
by rapid cooling or quenching of compacts. This has the 
effect of inhibiting the rate of nucleation of the lcwer 
phases and transformations initiating from existing nuclei. 
Internal stresses are also induced in the material, 
preventing growth of a new phase. Bredig^^ , interestingly, 
had stated that the higher thermal stresses in solid lumps 
of material are likely to promote the 3-*y inversion since 
he obtained y from solid material but 3 from a heated 
powder. His observations were made before the important 
effects of particle packing and grain growth were realized 
and it would seem likely that his results can be explained 
on that basis, though it is an interesting conclusion and 
feasible if one considers the transfoiming 3 lattice as it 
expands to the y, relieving internal tensile stresses. In 
the opposite sense, a physical restraint or positive pressure 
will inhibit the transformation. Nurse has constructed a 
hypothetical pressure/temperature diagram based on the Gibbs 
Free Energy equation where, at a given temperature and 
pressure, two phases can co-exist when
S.dt - VdP + Z n.d =0
1
S = Entropy
V = Volume
n^  = number of moles of each component
vu = chemical potential of each component
The diagram (Fig. 16) gives 3 a stable existence at high 
pressures, and crystals have indeed been prepared hydrothermally 
by Della Roy^3^ .
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Physical stabilization can also be brought about by 
the addition of impurities which form a physical barrier.
It is relatively easy physically to inhibit the 8 -*y inversion 
by inpurity additions. It will be remenbered that the 8  
form, together with the a’ form, are the most commonly 
occurring phases in the natural state, despite y being 
the true room temperature phase. There are numerous examples 
of physically stabilized a* and 8 phases from industrial 
practice; Lehman, Niesel and Thormann have given a good 
review. One of the more common examples is the appearance 
of a’ held within a glassy phase in Portland cement clinker.
FIG. 16. HYPOTHETICAL PRESSURE/TEMPERATURE DIAGRAM OF C2S 
IF 8 IS A HIGH TEMPERATURE POLYMDRPH.
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Zerfoss and Davis have used molybdenum trioxide as shown 
above. Compacts survived air quenching from 1625°C. If they 
were re-heated and slowly cooled then they inverted slowly to 
the y form, and this is said to be due to the mineralizer 
properties of calcium molybdate. The diffraction patterns 
showed no change of crystal indices of the 8 , which therefore 
excluded the presence of solid solution. The stabilization was
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was a calcium molybdate coating over the grains which had 
two effects. Firstly that of mechanically restraining each 
grain from inverting. The authors point out that inversion 
must begin from a single point or points within the crystal 
and it is only because of this that a physical restraint is 
effective since only a small pressure at the point or points 
of initiation must be withstood. If a grain were to invert 
en masse no surrounding material they propose would withstand 
the enormous pressure developed. Secondly a calcium 
molybdate coating over the grains was said to isolate each 
grain from its neighbour and thereby preventing an "inversion 
front1' moving autocatalytically from grain to grain. Niesel 
and Thormann have shown by electron microprobe analysis the 
accumulation of molybdenum at the grain boundaries (Fig. 17).
FIG. 17. PICTURES FROM THE MICROPROBE ANALYSER
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C^ F, C^ AF and CaWO^  are further examples given by Niesel and 
Thormann of physical stabilizers being able to promote 
dusting due to their segregation on slow cooling and by their 
being able to act as mineralizers. A combination of effects 
might be expected to be found as well, and indeed several 
examples are quoted of glassy phases of a different coefficient 
of thermal expansion setting up stresses within the crystal 
lattice.
The $-*y inversion has been the most widely investigated 
inversion. The factors influencing the inversion can be 
summarized as follows:
33
\_ j - j  i u v  \ j j .  ^  c a i  u x i i g  m a k c i i a x d  X i U J l l  V V i i X U I i  U 1 C  i *3
prepared. Deviations from stoichiometry may be important 
either because crystal chemical inhibition can occur or 
because a molten phase is produced at high enough temperature.
(ii) The thermal history, the maximum attained temperature, 
the time of holding at any tenperature and the rates of 
cooling are all important. Grain growth of the aT^  phase
is now well established as being of particular importance.
(iii) The size of pellets is significant in so far as it will 
influence the cooling rate and the degree of contamination, 
if any, from the furnace atmosphere.
(iv) The deliberate use of chemical additives is well-known 
either to effect crystal chemical or physical inhibition of 
the phase change.
2.4 Crys tallography
(a) y-c2s
The yCLS crystal structure was originally proposed by
f 151H. O’Daniel and L. Tscheischvili^  J by its analogy with
f541Na2 BeF^ . More recently it has been refined by Smith et al. J 
Y crystallizes from $ into the well-known olivine structure 
(Mg^ SO^ ). The co-ordination with respect to oxygen for the 
calcium ions is 6 . In comparison to olivine the isolated 
(SiO^ )^  tetrahedra are in part severely distorted. The y 
form is considerably less dense than all the other forms and 
it is for this reason that the transition from the upper 
modifications to the y form cannot take place without a 
severe disruption of- the crystal lattice leading to shattering 
of the material. The y lattice is orthorhoirbic and stands 
unique from the other phases which all have a very close 
crystal relationship.
The lattice parameters are given according to several authors.
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Table 1 LATTICE PARAMETERS OF yC^S
a b c Ref.
5. 0 9 1 11.371 6.782 Smith et al (54)
5.083 11.232 6.773 Yamaguchi et al (55)
5.076 11.23 6.756 Yannaquis (56)
5.078 1 1 . 2 1 1 6.759 Eysel and Hahn (51)
6.78 5.06 11.28 O’Daniel and Tscheischvili(15]
(b) g-C2S
The 3 form was first isolated from slags and described 
in 1944 by Barrett and McCaughey^^ as having a monoclinic 
crystal lattice. It was found to be identical to the 
natural mineral lamite. It was not until 1952 that Mrs.Midgley 5^8^  
made the first thorough attempt to index the data from single 
crystal X-ray measurements on synthetic stabilized 3 crystals. 
Suitable crystals were made by adding 0.51 boric oxide to 
prevent inversion to the y form. There are four molecules per 
unit cell and the crystals typically exhibit polysynthetic 
twinning (inversion twinning) on (1 0 0 ) and (0 0 1 ) planes.
(59")
Cruickshank^  J in 1964 refined the parameters using Midgley’s 
estimated X-ray intensities. Lattice parameters have been 
determined by a number of workers since, and are given as 
follows:
Table 2. LATTICE PARAMETERS OF gC:S
a b c 3 Comment Ref.
5.48 6.78 9.28 94° 33’ 0.5°aB2 03
stabilized
C. Midgley(58)
5.51 6.75 9.3 94° Natural
Lamite
Henry (private 
communication 
to Midgley(58)
5.48 6.76 9.28 94° 33’ Refined 
data.of 
C. Midgley
Cruickshank (59)
5.506 6.749 9.304 94° 37’ Pure Regourd et al (35)
5.514 6.757 9.314 94° 35’ 0.51
Cr2°3
stabilized
Yamaguchi et al (34)
5.507 6.754 9.317 94° 37’ Yannaquis (60)
5.505 6.763 9.315 94° 35' 0.251
Ct2°3
H.G. Midgley (61)
5.546 6.789 9.392 94° 16’ 0.251
CaO.B-O,
H.G. Midgley (61)
Smith et al have suggested a small difference of crystal structure 
in 3 phases cooled from below and from above the a’->a phase 
transition (3^  and 3^ ). These two are derived from a’^  and 
respectively. No data has been offered however.
(c) oc'-C2S
Bredig had first proposed an orthorhonibic structure to a high 
temperature phase analogous to 3 K2 SO^  which he named a1. In 
honour of this it was called "bredigite". It was Tilley and 
Vincentwho first described it, however. Douglasmade 
an early detailed structural investigation.
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Table 3a LATTICE PARAMETERS OF a! C2S
a b c Comments Ref.
5.3 9.55 6.78 § 700°C Bredig (17)
10.91 18.41 6.76 Crystal from 
slag containing 
Ba, Mg, Mi
Mrs. A. Douglas(63)
11,07 18.8 6.85 Ba, Sr and B 
stabilized
Suzuki and 
Yamaguchi (64)
1 1 . 2 18.69 6.83 Ba stabilized A. Douglas (65)
10.96 18.43 6 . 8 6 Sr stabilized A Douglas (65)
f 35")The X-ray patterns of Regourd, Bigare, Forest and Guinier^  J 
of a1 at 1000°C showed five more weaker lines than the pattern 
at 1250°C. They could not be indexed with a similar cell to 
the high temperature one. They provided crystallographic 
data for the existence of two af forms, namely and a’^.
The a and b parameters must be doubled for a’^.
The most recent information is as follows:
Table 3b LATTICE PARAMETERS OF a'C S^
Phase a b e  Comment Ref.
«'l 11.184 18.952 6.837 e 1000°C Regourd et al (35)
a H 5.593 9.535 6.860 6 1250°C Regourd et al (35)
6.883 5.606 9.543 § 1300°C Yamaguchi et al (34)
The a’j^ cell of Midgley's is a monoclinic cell with
dimensions a = 5.504, b = 6.831, c = 9.318 and $ = 90.31°.
(d) a - C^ S
It is not surprising that this high temperature phase which 
melts at 2130°C is the one about which least is known. Van 
Valkenburg and McMurdie^^ shewed that it has the hexagonal
) 2 , and not the trigonal 
cell originally proposed by Bredig. Saalfeld in 1967 said 
that the structure was not accurately known.
Some data is available:-
Table 4. LATTICE PARAMETERS OF qC2S
a c conment Ref.
5.526 7.307 6 1500°C Regourd et al. (35)
5.527 7.311 6 1500°C Yamaguchi et al.(55)
5.517 7.164 § Room temperature 
stabilized with 
1.5% B2 03
Eysel and Hahn (57)
Greene's^*^ hexagonal solid solutions of a and Eysel and Hahn'l^ 
crystallographic data in 1970 confirm a hexagonal structure for 
the a phase.
Compared to the early three phases of dicalcium silicate there 
are now seven differently designated phases viz. y, 3 ^,3 ,^ a1^ , 
a'^ , a'^j and a. Iheie is a possibility of two more phases, 
another within the a1 region and a cubic structure of very high 
temperature.
(e) The 3-»y Inversion
Only the $+y inversion of C2 S will be discussed here.
Eysel and Hahn have given a good discussion of the crystallography 
of all the phase changes. The 3 ->y transformation, like the y-*a, 
is a major reconstructive one involving a large volume change. 
Saalfeld^^ has given perhaps the most readily understandable 
description. The SiO^  tetrahedra in the 3 structure turn and 
tilt and the calcium ions shift to new positions. According to 
the lattice parameters listed above the a lattice parameter of
structure of glaserite, K^Na (SO.
38
the two phases correspond but the b and c of $ correspond to 
the £ and b of the y phase. It is important to note that 
the b axis of 3 undergoes little change in dimension, the a 
axis contracts about 9 percent but the c axis expands by a 
very large 20%. It is not difficult to appreciate why 
crystals break up during this transformation.
The two cells are shown below in the be projections (Fig. 18)
FIG. 18a 3C2S UNIT CELL
b = 6.7 6/
FIG. 18b yC2S UNIT CELL
C - 6 . 7 Z A
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The calcium co-ordination of the 3 phase changes from 9 and 10 
to 6  in the y phase. The sluggishness of the reaction and the 
ease with which it can be undercooled is due to the complexity 
of the bond readjustments.
2.5 Preparation of yC S^ Powder
It is well worth outlining the ways in which y powder 
can be prepared. The 3->y inversion involves a disruption of 
the crystal structure and this change has therefore provided 
a most convenient method of preparing the y starting powder 
from which most experiments begin. According to F. Lea 
it is most readily prepared by ignition of a fine mixture of 
high purity limestone and silica at 1400°C for several hours. 
The material is cooled slowly, whereupon partial dusting occurs 
due to a small proportion of YC2 S having formed in this initial 
calcination. The material is crushed, mixed thoroughly and 
compacted again into pellets which are heated in an identical 
way. This is repeated for about four cycles in all to yield 
a high purity yC^ S powder.
('3 9 ')
Fierens and Picquet^  'have studied the thermal 
synthesis of dicalcium silicate. An idealized mechanism 
proposed by them is as follows. Lime reacts with silica 
to produce a high pioportian of dicalcium silicate between 
870°C and 1418°C
SOLID STATE
8 CaO + ^ - ^ 2  8 7 0 ° - 1418  ^ 3 Ca2 SiO^  + S ^  + 2CaO
EXOTHERMIC
at 1434°C the a’^  Ca2 Si0 2  reacts with silica to produce the 
compound tricalcium silicate which melts at 1443°C:
3CaoSi0. + SiO~---— — > 2Ca_Sio0„ (solid)
2 4  2 1434° 2 7
2 Ca2 Si2 0 y (solid) 4^ 4 3 ° > (liquid)
The liquid now reacts with the remaining lime to yield 
dicalcium silicate.
2 Ca2 Si2 C> 2 (liquid) + 2CaO ^ q O  > 4 a-Ca2 SiO^
This mechanism does not explain the synthesis at temperatures 
below 1400°C however, and it must be assumed that the last 
reaction does go to completion.
The chemistry of the reaction between lime and silica at 
high temperatures has been studied by other authors e.g. 
Eitel^^and Gebauer and Fitzer^^ . A mechanism of the 
solid state interaction of lime and silica, albeit in 
equimolar proportions, had been suggested in 1934 by Jander 
and Hoffmann in which different compounds of lime and 
silica are considered to be formed at the interface of solid 
grains which change with increasing time. Fig. 19 shows 
that initially C2 S is formed at the interface. Then extra 
phases are seen on the lime rich side, of C^ S and on the 
silica rich side, of ^  formed by further combination
of silica with 0 ^ 2  and this zone ultimately predominates.
FIG. 19. SOME TYPICAL REACTIONS OF LIME AND SILICA
/.
■&S--.XS
Rustum Roy^^ has given an interesting review of some methods 
of preparing homogenous mixtures of compounds for phase 
equilibrium studies. Smith, Madjumdar and Ordway^"^ prepared 
three batches of YC2 S according to three different methods:
(i) In the first calcium carbonate was mixed in proportions 
of 2:1 with silica gel. The dry mix was ignited at 1000°C and 
then repeatedly heated at temperatures of 1350°C to 1450°C to 
the disappearance of lime and silica.
(ii) In the second ethyl orthosilicate was hydrolysed in the 
presence of calcium nitrate. The amounts were such as to 
furnish CaO and SiO^  in the proportion 2:1. Ammonium hydroxide 
was used for the hydrolysis in an alcoholic medium at 60°C to 
70°C. The final mix was ignited at 100°C, 400°C, 1100°C and 
then 1400°C.
(iii) The third method used a proprietary colloidal silica 
gel which was dispersed in a calculated amount of calcium 
nitrate solution. The product was dried in a platinum dish 
at 100°C and heated as in the second method.
I"?!')
Nagai and Marukamiw J have carried out a systematic study
of the synthesis of various calcium silicates by ignition of
mixtures of lime and silica. They report that little reaction
occurs up to about 1200°C but that C2 S formation is veiy
rapid around 1400°C. Two published works by De Keyser^^ and
(29')Niesel and Thormann'' J have demonstrated the fall in lime and 
silica content with concommitant increase in y and 3 C2 S. The 
3 content tends to rise to a maximum for heating at temperatures 
up to 1200°C and thereafter drops as the y content rapidly 
increases to substantial proportions (Fig. 10).
To prepare a 3 powder one could use stabilizers and crush the 
undusted 3 product after firing. In this case unless the 
stabilizers can be removed or lose their effect y can no longer 
be obtained from such. Instead it is possible to heat a loose 
y powder to between 1000°C and 1100°C (aregion) for several 
hours and then to cool rapidly to prevent any possible inversion 
to y. It is unnecessary to quench. Other methods have been 
used but they are less reproducible. A good account is given 
Bogue(7 3>.
3. MATERIAL PREPARATION
Dicalcium silicate is, unfortunately, not available 
commercially but had to be prepared in small quantities 
from silica and limestone. Ihe method of F. Lea^^ was 
chosen, except that a temperature of firing slightly below 
1400°C was used to be sure of being within the a* phase 
region from which dusting is more likely. Three different 
purities of powder were used at various times during the 
work, made from different grades of commercial silica and 
limes tone: -
1. Standard general puipose precipitated silica - 
the least pure.
2. Acid-washed silica, a better grade low in free 
alkali.
3. ”Cab-0-SilM fumed silica, the purest available.
4. "Analar" limestone-high purity, analytical grade. .
5. "Qptran" limestone - an exceptionally pure form 
used in crystal growing.
The powders were mixed in a molar ratio of limestone/ 
silica 2:1 and tumbled overnight to ensure homogenization.
From the mixture, pellets, roughly 1cm in height, were pressed 
in a double acting tool steel die of diameter 1.25 cm. A 
platinum crucible was filled with several pellets and heated
in air, gently at first, to remove carbon dioxide from the .
limestone and then ip to a temperature between 1350°C and 
1400°C in an electric tube furnace. They were held for about 
5 or 6 hours and cooled moderately rapidly on removal from 
the hot zone. As the pellets cooled to room temperature small 
pimples erupted from the surface as the material began to 
disintegrate and within a few moments each pellet was dusting 
explosively .This heat treatment was repeated for a further 
three times to ensure virtually complete combination of the 
silica and limestone. Fig. 20 illustrates the dusting of a 
compact as it cools to room temperature. Fig. 21 shows the
43
FIG 20. DUSTING OF A PELLET OF C?S AFTER REMOVAL FROM THE 
FURNACE
0 SEC. 123 SEC.
131 SEC. 143 SEC.
150 SEC. 160 SEC.
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extent of C2 S production as the nunber of bums is increased 
and also the effects of varying the time of each bum. The 
6 hour treatment after four bums yields powder almost as 
pure as that from the 16 hour bum and, since the 6 hour 
treatment allowed three heating cycles to be completed in a 
day, as opposed to one, the latter was chosen as the most 
convenient. For the quantitative X-ray work (see below) 
the heated compacts were furnace cooled to ensure the 
highest possible amount of transformation of 3 to y C2 S.
In some instances it was necessary to obtain the 3 
phase at room temperature. Inhibitors were not used but, 
rather, the method of rapidly cooling a loose powder held 
at 1000°C - 1100°C overnight. Prepared powders were usually 
stored in a dessicator.
4. POWDER CHARACTERIZATION
4.1 Appearance
To the naked eye, the prepared powder which is essentially 
the gamma phase is like fine flour. Almost always the 
powders were white in colour but occasionally a slight pink 
tinge was noticed, which it is believed, was caused by a 
small lime excess. Because of the way in which dusting occurs 
the crystals are very often needle-like. Fig. 22 shows a 
typical y powder made from nominally pure starting materials. 
Fig. 23 a, b, c are powders which contained initially 0.15, 0.3, 
and 0.45% added sodium carbonate (see section 6.3)which tended 
to stabilize the 3 phase partially at these small concentrations 
giving a larger particle size. Ihe needle-like form of the y 
crystals is very obvious. Fig. 24 a-d are all microphotographs 
from the scanning electron microscope of both y and 3 powders 
and there are seen some remnants of the sintered grains produced 
at high temperatures.
4.2 Particle Size Analysis
A particle size analysis of both y and 3 powders was 
conveniently performed using a Coulter Counter, Industrial 
Model D (Fig. 25). The counter consists of an electrolyte- 
filled glass tube with a small aperture at one end (Fig. 26). 
This is imnersed into a beaker containing a suspension of the
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FIG 22. yC2S - TRANSMITTED LIGHT.
FIG 23a. yCqS FROM SAMPLE CONTAINING Q.15°s Na2CO
FIG 25b.YC-,S FROM SAMPLE OBTAINING 0.51 Na^ CO,.
FIG 23c. yC:S FROM SAM’LE CONTAINING 0.451 Na^CO:
FIG 24. S.E.M. PHOTOMICROGRAPHS OF C-.S 
a. yC,S.— L~ —
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FIG 25. COULTER COUNTER INDUSTRIAL MOEEL D.
HlC&O&e-Ol
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particles to be analysed. Electrodes are positioned one 
within the glass tube and one dipping into the beaker.
A small known volime of suspension is drawn through and 
it is the change in the resistance of the electrolyte 
across the aperture as particles displace the fluid which 
is a measure of the particle size.
FIG. 26 APERTURE TUBE OF COULTER ODUmER.
The handling of the initial signal by the electronics 
of the counter produces a display of !,raw counts" and these 
are processed by the operator to obtain the particle size 
distribution, which is a rather complex operation but does 
give ultimately very accurate results provided care is 
exercised. The beaker is provided with a paddle to keep the 
particles in suspension. Number percent and weight percent 
as well as cumulative percent under and oversize are shown
rote.
^£L£Crfk)l>£S
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ror typical y ana p pawaers (.Fig. L I ana Z8J. In Fig. 29 
a comparison is shown of the particle sizes from three 
batches of powder prepared at different times. Weight 
percentages always give a higher mean particle diameter 
than number percentages. The typical y particle size lies 
between 10 and 20ym decreasing for short times of burning 
during the preparation and increasing for longer times, due 
possibly to a greater degree of sintering and grain growth 
(Fig. 30) . The peak at 45ym for the pcwder fired for 2 hourly 
periods is of no particular significance as it takes only 
a few rogue particles of large diameters to give such an 
effect.
4.3 X-Ray Diffraction
X-ray diffraction has been a routine tool in the 
characterization of various powder batches of gamma C2 S as 
well as in analysing pulverized sintered specimens. A 
Philips Norelco X-Ray diffractometer was used, shown in 
Fig. 31. Copper radiation was used at 35 kv and 20 mA.
The scanning speed was l°/min which provided adequate peak 
separation. This enabled a single trace to be made within 
about half an hour and was therefore a very convenient 
technique. The powders were pressed flat in a standard 
recessed plate and mounted in the central holder.
Typical XRD traces for both gamma and beta powders are 
shewn in Figs. 32 and 33. In common with every phase of
C^ S they have veiy strong peaks between 26 32°-33° and so
these are of limited use in identifying different phases.
0 0Gamma has characteristic peaks at d=3.02 A , 2.32 A although
0
much less strong, and also 1.909 A.Beta has characteristic 
0 0 0
peaks at 2.608 A, 2.28 A, and 2.795 A though less useful.
Ihe ASTM5 index cards of crystal lattice spacings are shewn
in the Appendix.
Some attempt was made to estimate quantitatively both 
phases in mixtures of the two, although right at the start it 
was not possible to guarantee complete purity of only one phase 
with respect to the other. Quantitative analysis by diffraction 
is based on the fact that the intensity of the diffraction
53
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on the concentration of that phase in the mixture. The 
relation between intensity and concentration is not generally 
linear since the diffracted intensity depends markedly on the 
absorption coefficient of the mixture and this itself will 
vary with the concentration.
Initially a series of mixtures of y and 3 phases were 
prepared, employing weight percentages, and the XRD traces 
made. The areas under the relevant peaks for each phase 
were measured, at first by counting the number of square 
millimetres but later by constructing isosceles triangles 
about the peaks, the accuraq^  of which was proved to be as 
good as counting square millimetres - and much easier.
Various different ways of handling the data were tried.
(a) % y or 3 Versus Peak Area
This straightforward plot is shown in Fig. 34. The curves
were disappointing, not only because of the S-shape but because
no curve actually passed through the origin. This strongly
suggested that each nominally pure phase contained a proportion
of the other, assuming that the peak of one phase at nominally
zero % of that phase is caused by its presence in the other phase
and not caused by the presence of yet another phase which has
lines overlapping those of the chosen lines. Indeed this was
o
the case for the 2.795 A line of 3 and to a much lesser extent 
for the 2.608 line of the same phase, also the 1.909 line of 
y was very close to the weak 1.911 line of 3. Ihe 3.02 line of 
Y was strong and fairly isolated but the weak 3.04 line of 3 
impinges just slightly. This overlap is important to consider 
and led to selecting different peaks of both y and 3 known to be 
isolated from peaks of the other phase and also foreign phases. 
Assuming then that each phase contained a proportion of the 
other (and this was by no means certain) attempts were made to 
calculate these percentages contaminants by, firstly, graphical 
plots, by estimating the percentage impurities in each phase 
which would swing the calibration curve to pass through zero 
and one hundred percent. This proved far too difficult and the 
accuracy beyond estimation. Such a method might be quite 
feasible if one of the phases was pure but this could not be
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simple arithmetic means were tried i.e. by constructing 
simultaneous equations.
(b) Weight Ratio versus Intensity Ratio
This is the ratio y/„ say,versus Iy for any two
I
chosen peaks of y and 3 . Ihe curves p appeared to be 
better (Fig. 35). Ihe steepness was considered much too 
severe over most of the range and the estimations of 
unknowns could be extremely inaccurate.
(c) % y (or 3) versus Intensity Ratio Iy
Ip
This was a much better proposition (Fig. 36) but 
suffered from the same disadvantage as (b). In fact the 
seeming adequacy of of these curves is really an illusion, 
and only semi quantitative results were gathered.
(d) % y (or 3) versus Intensity Proportion Iy
Iy+le
The S-shape was again evident (Fig. 3 7) and the curves 
did not pass through the origin. If any of the above plots 
are used then it is suggested that scatter no better than 
about + 15% can be hoped for.
In order to try to achieve a greater accuracy it was 
possible to use the same XRD traces but to select different 
peaks i.e. 2.28$ for 3 and 2.32A for y. They are unfortunately 
of much lcwer intensity but are separate and distinct. 
Furthermore they are close enough together in the trace to 
exclude any errors which may occur from one end of the trace 
to the other e.g. electrical interference or electrical 
variation. These peaks were carefully measured, but at about 
2 0 % of any one phase the peak was lost into the background. 
However Fig. 38 illustrates that a fairly good straight line 
could be constructed for y2.32 if points above 401 are used. 
This line can be easily passed through the origin and is 
likely evidence for the high purity of the y phase. The points 
for the 3 phase are scattered to an unusually high degree, 
and no curve has been drawn. Quantitative work could be more
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phases used. Apart from impurities with respect to the other 
phases, it is known that some free line is usually present and 
this will inevitably upset quantitative work. Some attempt was 
made to estimate the amount of free lime both chemically and,in 
fact by using X-rays (see section 6.2). Despite the drawbacks 
some useful semi-quantitative analysis may be had and several 
different powders were analysed in this way. The variation in 
purity of the y powders with respect to the 3 phase has been 
observed for powders of different origin, in particular the 
approach towards high purity with very slow cooling conditions. 
Analysis of dusted and pulverized undusted material from some 
of the different cooling treatments (see section 5.3) has 
revealed that sometimes dusted material may in fact contain 
an appreciable amount of 3 phase (501) i.e. present as coarser 
undusted particles. Conversely, a small amount of y has been 
detected in pulverized undusted material. Dusting then does 
not require coup let e transformation of 3 to y, but obviously 
a significant amount.
Some X-ray analysis was performed using the Debye-Scherrer 
X-ray camera (11.8 cm diameter) with chromium K-a radiation 
at 14 amps and 35 kV exposed for 16 hrs. d-Values were found 
from the developed films by using a standard scale (Enraf- 
Nonius Ltd), the accuracy of which,compared to the longer 
method of measurement was excellent. 3 powders were conpressed 
and heated to 900°C, 1000°C, 1100°C and 1200°C for 2 hrs.
Though no dusting took place and the pellets had not sintered, 
the proportion of gamma powder in the cooled compacts increased 
steadily with increasing temperature, as indicated by the 
increasing density of the lines. No percentages could be 
suggested however from the films.
4.4 Electron Spectroscope Analysis
Electron spectroscope analysis (ESCA) is a relatively new 
technique and enables a very detailed chemical analysis to be 
made on very small surfaces. The silicate was introduced into 
the spectrometer in a powdered form and embedded in 
foil on a standard sample holder. Ihe spectrophotometer was 
run with an X-ray power of 460 watts (9.2 kV and 50 mA) using
71
was linked to a computer.
Ihe first two traces Fig. 39 and 40 are wide scans and 
give a general picture of the electrons emitted and the next 
three Figures, 4.1, 42, 43, are a more detailed analysis of 
the oxygen and the silicon peaks, which are as follows
(a) Silicon (Is) Peak
This is a single peak at 1844.5 eV. Generally the
silicon Is peak, because of its low electron KE, has a short 
o
escape depth (- 9A ) and its occurrence indicates the chemical 
state of the topmost surface.
(b) Oxygen (Is) Peak
There is a considerable broadening of the peak to the 
higher eV and indicating that a smaller oxygen Is, chemically 
shifted to higher eV is sitting under the main peak. This 
main peak is due almost entirely to the oxygens surrounding 
the silicon in the silicate structure. There is a possibility 
that some of the signal comes from CO contamination. The small 
peak at 535.1 eV is due to hydroxyl groups attached to the 
silicon, probably on the surface.
(c) Silicon (KLL) Auger Peak
The silicon auger peak can also be split into two
components; a large peak at 1609.4 eV and a smaller one at
1607.0 eV. The peak height ratio of these is 2.16: 1.0 from
which it is inferred that the silicon may be occurring in two
chemically different states in the silicate structure. This is
not borne out by the silicon Is which shows only one chemical
state. The most likely explanation is that a surface layer
exists (consistent with the two oxygen Is peaks) in which the
silicon is in a completely different chemical environment to
that of the bulk. The thickness of this layer is such that the
slow Si (Is) electrons are only observed from this layer and
o
not from the bulk while the faster Si (KLL) electrons (20 A 
escape depth) can be detected not only from the surface layer 
but also from beneath it, from the bulk of the material.
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Si (KLL) peak is from the surface layer, and there are two 
clues.
Firstly, it is possible to correlate the 0(ls) and the 
Si (KLL) peak heights. The oxygen (Is) peak had two components -
7-
the larger one from the bonding of the 0  in the silicate 
structure, and the second from OH” groups at the surface. The 
ratio of these peak heights is 3.2 : 1 .0 . The silicon at the 
surface bonded to these hydroxyl groups would then be expected 
to give a smaller peak height than that from the silicon bonded 
in the bulk of the material, which would suggest that it is the 
Si (KLL) peak of 1607.0 eV which comss from the surface layer. 
Secondly from the available data one is able to calculate two 
numbers for the Auger parameter, defined as
a = KE (Si (Is) ) + KE (Si (KLL) ) - hV
only one value is likely to be correct, however, and this will 
identify the Si Auger peak from the surface layer. The two 
Auger values are
a (Si) (1) = 1844.5 + 1609.4 - 2042.4 = 1411.5 eV
a (Si) (2) = 1844.5 + 1607.0 - 2042.4 = 1409.1 eV
The value of 1411.5 is greater than any values obtained for any
of the common minerals and some way from .comparable silicates
such as enstatite (Mg2 [Si2 0,]) at 1410.2eV and olivine (Mg2 Si04) 
at 1409.8 eV. It must therefore be assumed that the correct 
Auger parameter for the silicon in the surface of the silicate
1409.1 eV. Ihis value agrees with that of a number of hydrated 
minerals such as hydrated mica at 1409. 3eV and some natural 
Kaolins at 1408.8 eV, 1409.1 eV and 1409.4 eV. Therefore this 
confirms again that it is the smaller 1607.0 eV Si peak which 
is from the surface layer, and the 1609.4 eV peak from the bulk.
These observations indicate, then, that there is a 
significant amount of chemically bonded hydroxyl ions bonded to 
silica on the surface of the silicate. It is not difficult now 
to calculate the thickness of both silicon atoms and hydroxyl ions
l S i (d) = h i (») [1 - exp. (-jl^ 0) ] (1)
where s^i(d) = Signal intensity from surface layer
*Si(«0 = Signal intensity from imaginary infinitely thick
layer.
d = depth of surface silicon
X = electron escape depth OJ [( KE , ) ]0ei.ec
6 = electron take off angle in A
*Si( « 0 n0t ^ nown’t^ ere^ ore by using 3 1 1 expression for the 
substrate silicon I Si (b). The term can be lost.
ISiCb) = Exp " d ^ s i n 0
Combining equations (1) and (2)
xsi(d) = h i M  [1* exp ( . e-*] ^sin
I s i b^) T 7 T .  ISi(~). exp -d
XSin
= exp ( d ) - 1
Xsin
Hence exp ( d ^ 0) = Ifsn fd) + j
XSi (b)
Surface layer thickness:-
d = X sine In (Isi (d) + 1 )
Isi Cb)
Substituting the values
KE Si (KLL) = 1600 eV hence
u.SiX„,= Q 1600 ) A = 20 %
0 = 45° hence sin 0  = 0.707
ISi Cd) = 0.46 (+ 0.05)
S^i(b) ^
Hence dg  ^ = 20 x 0.707 x In (1.46) A 
d. = 5.4$ (+0.4)
SI —  —
(2)
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A similar calculation can be made for the hydroxyl layer
o
in the surface giving a depth of 3.7A (+ 0.4)
The following structure is suggested for the surface of 
dicalcium silicate 
OH OH OH CH OH OH CH OH
\ /  v  \ /  j 3-78
) S.&
Si Si Si
The hydroxyl layer on di calcium silicate is likely to 
have a considerable effect on its surface properties such as 
adsorption. This layer was able to withstand the high vacuum 
imposed on the sample during analysis. The presence of 
hydroxyl groups in a considerable amount is one good explanation 
for disappointing results in both X-ray analysis and specific 
gravity determinations.
4.6 Specific Gravity Determinations
Using small gl^ ss specific gravity bottles of 25 ml 
capacity some attempt was made to estimate the specific gravity 
of various powders. The densities of the gamma and beta phases 
are 2.98 and 3.25 respectively, which are well apart, and it 
was thought that such a technique might be used to estimate 
the percentages of y and 3 in mixtures of the two. The 
technique is to weigh accurately a small quantity of powder 
(about one gram), to pour it into a bottle and fill to the 
brim with distilled water. A stopper is fitted and the whole 
weighed. Ihe specific gravity of the powder is given as:
p solid = x p H^O
W2 - W3 + W 1
80
Where = Weight o£ solid
W2 = Weight of bottle + water
W^ = Weight of bottle + solid + water
Results were rather unpredictable. No better than 5%
error can be claimed for accuracy and as much as 1 0 1  
for reproducibility. Some results are shown in table 5.
TABLE 5 . DENSITY DETERMINATICNS OF VARIOUS POWDERS
Mixture p Determination
Y 3.05
Y 3.46, 3.29
3 3.12, 2.98
3 3.25, 2.97
80/20 y/ 3 2.85
90/10 2.79
40/60 3.13
20/50 3.2
Since a reproducibility of 101 completely covers the range 
between 2.97 and 3.28, the theoretical densities of y and 
3 , the technique was judged quite useless for quantitative 
work.
Fig. 44 is a plot showing the deviation of the experimental 
and theoretical lines.
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FIG 44. VARIATION IN SPECIFIC GRAVITY FOR
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5, Sintering and Thermal Treatment
5.1 Sintering of tAND 3 PCMERS
A great deal of work has been done on the sintering and 
heat treatment of compacts of dicalcium silicate. Observation 
of the dusting behaviour of pellets was naturally made in 
parallel and it was found that, among other minor factors, 
the presence of impurities and the thermal histoiy of the 
coup act are critical in determining the final behaviour of 
sintered material - i.e. whether the B**y transformation takes 
place to produce dust or whether the 0 phase is stabilised 
at room tenperature.
The bulk of the work was carried out using the medium 
purity gamma powder i.e. made from acid-washed silica and 
Analar limestone. Compacts of the prepared material were 
fired in air to temperatures in the range 1000°C to 1550°C in 
order to investigate sintering and/or dusting. This tenperature 
range covered two phase regions, that of the a’ and that of 
the a phase with the transition tenperature at 1430°C _+ 10°C.
For each firing tenperature three compacts were prepared in a
0.64 cm diameter double acting tool steel die at nominally
7
54 t.s.i. (8500 kg/cm ). The conpacts were weighed and measured 
for density determination by finding the volume by both 
dimensional measurement and mercury displacement. They were 
found to have a green density of about 75% theoretical (based 
on the density of the gamma phase). They were placed in a 
platinum foil lined alumina boat which was slowly eased into 
the furnace hot zone. Two series of experiments were performed; 
one in which a standard 4 hour treatment was fixed whilst the 
tenperature was varied and a second where a tenperature of 
1500°C was fixed and the time of sintering varied. After the 
schedule the furnace was switched off in each case and the 
conpacts allowed to cool to room tenperature. Specimen densities 
were determined again. Table 6  shows the results of sintering 
a typical batch of fresh powder from 1400-1560°C. Conpacts only 
survived cooling to room tenperature if heated to above 1400°C. 
Fig. 45 shows the increase in density of pellets with increasing 
tenperature and Fig. 46 gives the time/density curves which show
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the behaviour typical of many sintered materials. Good 
prospects are offered for the control of porosity and 
strength. Strength measurements using the Brazilian or 
diametral compression test on samples sintered for 16 hrs 
at 1500°C gave average values of about 200 kg/cm2 which is 
more than adequate for handling purposes and ought to be 
sufficient for usage as a future core material.
Sintering tests were carried out using another batch 
of gamma powder which had been kept in its glass jar for 
9 weeks. Surprisingly conpacts did not survive cooling to 
room tenperature but dusted in every case (Table 7). A 
limited number of sintering runs were performed using the 
beta powder. Like many of the gamma batches, conpacts 
tended to dust when cooled from temperatures below 1400°C 
but survived to room tenperature when cooled from temperatures above 
1400°C.
Interestingly if the 8 phase is the starting powder it 
leads as might be expected from its higher specific gravity to 
a higher final density of sintered material which is essentially 
the same phase. The variation in behaviour of different powder 
batches with regard to dusting has proved to be an interesting 
feature of dicalcium silicate.
5*2 Thermal History Effects on Dusting
These effects were observed using powders made from acid- 
washed silica and Analar grade limestone.Thermal history effects 
involve the maximum tenperature obtained, the time of holding 
at that tenperature and the rate of cooling (heating rates are 
invariably quite rapid and have little or no influence on the 
final behaviour). These three factors govern the grain size of 
the sintering material, the degree of nucleation of new phases 
and the completion of time/tenperature dependent transformations.
One of the first observations was that dusting could often be 
prevented by air quenching conpacts from 1500°C where they would 
otherwise dust on furnace cooling. It was observed that the 
phase region in which the material is heated can markedly affect 
the final room tenperature products. In one instance powder was 
pressed into a 10 cm long strip and sintered at nominally 1500°C
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in a furnace with a working tenperature over a short distance 
only. On removal from the furnace it was found to dust at 
either end but not in the centre. The furnace tenperature 
showed a drop of about 100°C from the centre of the strip to 
the edge, so each end would have been sintered below the a’-F a^ 
transition (1430°C _+ 10°C). There is much evidence in the 
literature to show that grains of a’ need to be of some 
minimum volume in order to provide a high probability of 
finding a gamma nucleus in every 3 grain derived from every 
a’ grain. If the grain size is too small then many grains will 
not contain potential y nucleation sites and 3 will be retained 
at room tenperature.lt is suggested, and the literature supports 
the view, that when material is heated in the a phase fired 
and cooled through the aT-»a transition tenperature any extensive 
grain growth is destroyed and that a new af microstructure must 
be developed through recrystallization and grain growth, if 
eventual dusting is expected. Systematic heat treatment work 
has been performed by selecting many different heat treatments 
for conpacts, themselves pre-sintered at 1500°C/16 hrs. and air 
quenched. The conpacts were heated to 1500°C and held for one 
hour (for reasons to do with the treatment cores receive in 
service) and thereafter held at, or slowly cooled through, one or 
more of what were considered critical regions, by manipulation 
of the furnace variac.
a) 1350°C - a region of high tenperature where grain growth 
of the af phase is able to proceed.
b) 1200, 1130, 1050, 950°C - decreasing tenperatures within 
the a’ region.
c) 750°C - a region still within the a' region, but grain 
growth virtually halted.
d) 650°C - a region just within the 3 phase field where 
complete transformation to 3 is allowed.
Fig. 47 shews the cooling rates achieved. Table 8  lists 
the experimental results. It is to be noted that where 
different cooling times to a particular tenperature are shown, 
e.g. treatment C and D, the difference is one of holding at
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tenperature since cooling rates are constant. Treatments 
A to K, it will be seen, were performed on two powders
y , and v of which ncre will be said..The rest of'des 'no des
the treatments can be considered to be of y^es (i.e. pcwder 
which is normally stored in a dessicator).
/P.T.O.
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OBSERVATIONS ON THE DUSTING BEHAVIOUR OF
DI CALCIUM SILICATE SUBJECTED TO VARIOUS COOLING TREATMENTS
Cooling Treatment 
from 1500°C/2 hr.
Pre-sintered conpacts 
(1500 C/L6 hr. + Air Quench)
Ydes Yno des
Controlled Cool 
to 1350°C (12 hr.)
Conplete
Dusting
Conplete
Dusting
A F.C. to Room Temp.
B
Controlled Cool 
to 1350 C (12 hr.)
A.Q. to Room Temp.
Conplete
Dusting
Conplete Dusting x 1 
Inconplete Dusting x 1
Controlled Cool 
to 750°C (17 hr.)
Conplete
Dusting
No
Dusting
C Controlled Cool 
to 650°C ( 3hr.)
F.C. to Room Temp.
Controlled Cool 
to 7S0°C (10 hr.)
Surface
Dusting
No
Dusting
D Controlled Cool 
to 650°C (5 hr.)
A.Q. to Room Tenp.
G
F.C. to 750°C
Controlled Cool 
to 650°C (13J hr.)
A.Q. to Room Tenp.
v. slight 
Dusting x 1
Spall x 1
No
Dusting x 1 
Spall x 1
H
F.C. to 750°C
Controlled Cool 
to 630 C (18 hr.)
F.C. to Room Tenp.
Inperfect
Dusting
(Coarse
Powder)
No
Dusting
Pre-sintered 19 hr.
J
From 1500°C/2 hr.
Controlled Cool 
to 1350°C (12 hr.)
Conplete
Dusting
Conplete
Dusting
From 1S00°C/1 hr. Pre-sintered 2 1  hr.
K Controlled Cool 
to 1350°C ( 6  hr.)
F.C. to Room Tenp.
Conplete
Dusting
Conplete
Dusting
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Cooling Treatment from 1500°C Ydes
Pre-sintered/16 hr.
From 1500°C/1 hr.
L Controlled Cool to 750°C 
( 1 0  hr.)
Controlled to 650 C 
di hr.)
F.C. to Room Tenp.
Undusted x 1
Spall + Little Dust 
x 1
From 1500°C/1 hr.
M F.C. to 750°C
Controlled Cool to 650°C 
[13I hr.)
F.C. to Room Tenp.
Spalling x 2  
Small quantity dust
N From 1500°C/1 hr.
Controlled Cool to 1350°C 
( 1  hr.)
F.C. to Room Tenp.
Conplete Dusting
From 1500°C/2 hr.
P Controlled Cool to 750°C 
(17 hr.)
Controlled Cool to 650°C 
(3 hr.)
A.Q. to Room Tenp.
No Dusting
Q 1500°C/lj hr.
Controlled Cool to 1200°C 
(18 hr.)
F.C. to Room Tenp.
Almost Conplete Dusting
1500°C/li hr.
R Controlled Cool to 1130°C 
(19 hr.)
F.C. to Room Tenp.
Some Dusting 
C<50%)
1S00°C/1| hr.
 ^ - Controlled Cool to 10S0°C 
(16 hr.)
F.C. to Room Temp.
Very little Dusting
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TABLE 8  (Ccntd)
Cooling Treatment from 1500°C Results
T 1500°C/1| hr.
Controlled Cool to 950°C 
(16 hr.)
F.C. to Room Tenp.
Partial Dusting
1500°C/l! hr.
v Controlled Cool to 1130°C 
(16. hr.)
Controlled Cool to 650 ( 8  hr.) 
F.C. to Room Tenp.
Conplete Dusting
1500°C/1| hr.
Controlled Cool to 950°C 
(16. hr.)
Controlled Cool to 750 
F.C. to Room Tenp.
Partial Dusting
X 1500°C/ll hr.
Controlled Cool to 650/16 hr. 
F.C. to Room Tenp.
Partial Dusting
1500°C/1| hr.
Y Controlled Cool 
to 1250°C/16 hr.
A.Q. to Room Tenp.
Partial Dusting
Note: F.C, - Furnace Cooling, A.Q. - Air Quench
TVo pellets taken for each test; where a difference between 
the two is noted, this is brought out, each pellet 
designated " x 1  ".
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The number of heat treatments possible are obviously
unlimited but the ones chosen enabled some fairly firm
conclusions to be drawn.
1. Slow cooling to 1350°C from 1500°C/2 hr. seems to be 
the most favourable condition for dusting. The longer 
the time of holding the more favourable is subsequent 
dusting. It seems that grain growth plays a vital 
part here.
2. Dusting is progressively less favoured as the temperature 
of holding is reduced, as well as the time.
3. Long slow cooling to the lower tenperatures of 750°C and
650°C may or may not result in dusting depending on the
original powder batch and the final cool to room 
tenperature - air quenching inhibiting the final 3 -*y 
inversion.
4. Furnace cooling to the holding tenperature as opposed to 
the slower controlled cooling reduces the chances of 
dusting.
So dusting is promoted the higher the tenperature and the 
longer the time of holding. It would seem that the total 
cooling treatment at all tenperatures can influence the final 
phase at room tenperature. Put another way, in order to 
encourage dusting the total cooling treatment involving cooling 
rates and holding at tenperature must result in some minimum 
time and tenperature function being exceeded. Since grain growth 
is certainly a factor to consider, then the function will bear 
the usual Arrhenius expression.
5.3 Impurity Effects
Using gamma powder made with the purest grades of silica 
and limestone experiments have clearly shewn that it is normal 
behaviour for dusting to take place in specimens treated to 
high tenperatures within either the a1 or a phase regions.
Even quenching conpacts into mercury from 1500°C did not prevent 
dusting - which took place within a few minutes if not 
immediately. Such an observation in no way invalidates the 
conclusions made about the effects of thermal history but asks
95
instead - what is the nature of the impurities in the less 
pure pcwders and why is recrystallization and grain growth 
within the af phase region necessary in such instances for 
dusting to take place?
Conpacts from gamma powder made from the cheapest 
grades of silica and Analar limestone could always be 
satisfactorily sintered by heating to high tenperature within 
the a region (usually 1500°C). Conpacts tended to dust only 
when heated at 1400°C or below, as in the preparation of 
powder, for example. The anomalous behaviour in the pcwder 
batches made from the less pure starting materials and, 
indeed, the important effects of thermal history must be 
assumed to be caused, directly or indirectly, by impurities 
which have quite a remarkable affect on the dusting. Sodium 
ions can affect the dusting behaviour and they are present in 
quite large amounts (up to II) in the cheapest grade of silica. 
The acid-washed silica contains about 0.021 Nat Potassium ions 
are less troublesome as they are very volatile and are present 
in amounts of 0.051 in the cheapest silica and 0.011 in the 
acid-wrashed grade. Iron, aluminium and nickel are the next 
most abundant of the trace elements at concentrations from 
between 1 0  and 2 0  ppm.
5.4 "Ageing*1 Effects
It was observed above that the behaviour of a 9 week old 
gamma batch made from acid-washed silica and Analar limestone 
differed from another fresh batch. It is unfortunate that no 
experiments were performed when the ’*agedM powder was fresh. 
Several ideas were proposed as to the nature of ageing, if 
indeed it is a real effect:-
(a) Ageing of y, remembering that y is not hydraulic,
(b) Ageing of B, which is hydraulic and if containing 
combined hydroxyl groups at the surface like y, 
could hydrolyse with time. XRD traces of aged 
powder did reveal a little B.
(c) Ageing of another component, such as lime, by 
hydration.
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In order to investigate the ageing phenomenon in greater 
detail the behaviour of two subsequently prepared batches 
was monitored with time. Each batch was prepared from the 
same grades of silica and limestone. One batch was kept in 
a glass jar containing a quantity of silica gel dessicant 
Cy^ eg); the other was kept without a dessicant exposed to 
the air (ynQ g^S)- The behaviour of pellets sintered to
1500°C for 2 hours was observed following furnace cooling 
(the tenperature and cooling rate of interest in this context).
Powder kept without a dessicant did not dust when 
freshly prepared. In this respect the powder might be considered 
to be the same as the previously designated Yfresk and 
behaved the same way.
However, storage for ip to three months did not 
apparently affect the behaviour i.e. no ageing occurred, 
contrary to the dusting observed in the 9 week old y aged 
powder. At the same time, the batch stored with a dessicant 
very surprisingly dusted partially after 1  week and thereafter 
completely for up to 3 months. Again, these observations were 
contrary to earlier ones where the presence of a dessicant 
usually appeared to prevent dusting. Both powders were depleted 
after three months due to their use in other experiments but 
it was felt that this was sufficient time to expect any ageing. 
Such anomalous behaviour suggests that a dessicant has no 
effect and so any likely hydrolysis of the pcwder will have no 
effect anyway. Other factors must be involved and it is likely 
that it is the varying levels of trace impurities in each 
different powder batch. X-ray analysis has not shewn any change 
in pattern over the three month period for each powder batch.
The results are summarised in Table 9.
5.5 Particle Size Effects
The particle size of the pcwders, it was thought, might 
have an influence on the grain size of the sintering material, 
but one piece of evidence proves this unlikely. Particle size 
analysis on three batches of gamma powder prepared by firing
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TABLE 9.
COMPARISON OF DUSTING BEHAVIOUR 
IN DIFFERENT y DICALCIUM SILICATE POWDERS
TIME OF STORAGE
SPECIMENS 
PREPARED FROM:-
1 Week 1 Month 2 Months 3 Months
Y"aged"
- (9 weeks) 
Dusting
Dusting
Y "fresh"
No
Dusting
- - -
V
dess Partial
Dusting
Dusting Dusting Dusting
v
'no dess
No
Dusting
No
Dusting
No
Dusting
No
Dusting
Data is incomplete for Y*»age(ji» an£* ^''fresh'1* ^e^^ -ets were 
heated to 1500°C/2 hours and furnace cooled to room temperature 
(2£°C/min).
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compacts for 2 hrs. 6  hrs., and 16 hrs. (Fig. 30) shows a 
broad spread of mean particle diameter - but each pcwder 
dusted readily on cooling from the last firing.
5.6 Pressure of Pellet Compaction
The nominal pressure of pressing powder compacts was 
54 t.s.i. Pressures of 13J, 27 and 67J t.s.i. have also been 
used to examine possible effects of pressure variation on 
powder behaviour. In several experimental runs, where both 
dusting and no dusting was observed, no differences were 
found between pellets pressed at different pressures, and 
it is probable that particles of gamma powder need simply 
be consolidated; that the pressure of compaction need not be 
high and indeed, that pressure has no additional effect even 
if it is. Only at very low compacting pressures are any 
effects likely to be noticed - and it has been shown that 
heating a loose powder promoted beta retention at room 
temperature. This is consistent with the idea that without 
grain coarsening gamma is unlikely to form on cooling.
5.7 Dilatometry
The dilatometer is an interesting tool to use. It can 
reveal phase changes in compacts as they heated provided the 
changes involve a detectable volume change, which they usually 
do. It can reveal the onset of sintering and the rate of 
sintering and also' allow thermal expansion coefficients to be 
determined. Several dilatometric studies were conducted with 
the Leitz Dilatometer (Fig. 48). The pellet which was pressed 
from powder to a height of about 7mm and was mounted in the 
dilatometer at one end of a sprung alumina rod which follows 
the expansion or contraction of the compact as it is heated.
Two small pieces of platinum foil were inserted at either end 
of the compact to prevent fusion with the alumina. Ihe 
movements of the compact are magnified (in this case x 2 0 0 ) 
and cause movement of a light spot which is split into two 
by a prism, one spot moving across the back of an observation 
screen and one moving across a sheet of photographic film. A 
linear heating rate was employed of 8 °C/run for each run. This 
rate was also maintained on cooling down to 350°C. The first 
traces are for a gamma and a beta powder in Fig. 49. The small
99
FIG 48. THE LEITZ DILATONETER.
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expansion for the y, beginning at about 900°C, must be the 
first appearance of a* from the y - which increases in 
proportion to y over a temperature interval. Theory predicts 
a contraction at a molecular level since a1 is the denser 
phase, therefore the only explanation is that there is movement 
of y particles as they transform to af giving an apparent 
expansion. Curiously the percent expansion is about the same 
as the expected percent contraction. The steep slope indicates 
the extent of sintering which is quite significant above 
1300°C and masks the af-*x transition. The beta powder shews 
a curious expansion at about 150°C. This must be due to the 
compacted particles loosening and giving a spring back effect 
possibly aided by water of hydration being driven off. A 
small kink at about 700°C must be the inversion of 3 to a*.
The steep slope of sintering flattens at about 1310°C - its 
cause is unknown. The expansion at about 1450°C represents 
the a’ -j a inversion after which contraction is resumed.
The second two traces (Fig. 50) conpare a fresh y powder 
with the so-called Yage(j powder. The traces are similar
except for a contraction in the Y£resk trace from 680°C - 800°C.
Perhaps the transforming y did, on this occasion, cause an 
overall contraction. Hcwever with closer inspection it was 
suspected that a small shift in temperature axis had taken 
place for the Y^g^ sample since the temperatures of onset of 
both the y-^ a’ and the a!->a transitions are higher by 
approximately equal amounts of 50°C than those for Yage(j« 
Subsequent traces (Fig. 51) using the two powder batches, which 
were kept, 0 ne with, and one without a dessicant, did however 
show the onset of foimation agreeing with that of the Yf^g^ 
sample whilst the temperature of the a’->a transformation 
agrees with that of the Yag0(j sample. Since the a’+a inversion
is a sharp reversible one, unlike y+a1, its temperature of 
occurrence ought to be more reproducible so it will be assumed 
that Y£resj1 trace is slightly shifted from the true position and
that the temperature of onset of af formation tends to vary 
from about 750°C to 800°C. Apart from a kink at about 1150°C 
in the y^es trace which could conceivably be that of the minor
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a1 -*-af transition, y ^  and Tno ^  showed no remarkable
differences in the dilatometric traces.
TVo more traces (Fig. 52) were repeated for what were 
originally and Yage(j but by the time of re-testing
they had both been stored in a dessicator for 8  months. 
Interpretation and comparison with the first traces should 
therefore bear this in mind. showed a very different
curve. The contraction (680°C-800°C corrected to about 
630°C -750°C) so manifest in the first trace is now completely 
absent. In addition the expansion at 1310°C was noticed just 
like the one from the beta trace but it cannot be explained.
The Yage^ trace was essentially similar to the first except
y->af transition range was a little higjher. The y ^ ^  pellet
did not dust on cooling whereas the Yagecj did, still agreeing
with the very first results, evidence that there is no real 
ageing phenomenon but different batches of powder given the 
same heat treatment sometimes behave quite differently with 
regard to dusting.
5.8 Polishing and Etching of Sintered Contacts
Sintered compacts were mounted in resin and polishing 
carried out very carefully by hand on silicon carbide papers 
of grades 200, 300 400 and 600. They were then polished on 
6 ym and, finally lym diamond wheels. Relief polishing using 
0.3ym Linde -A Alumina on a glass plate was tried but did 
nothing to help delineate the grain boundaries, probably 
because the material is too soft to benefit from such 
treatment. Etching was tried, with \% nitric acid, hydrofluoric 
acid - liquid as well as vapour - but with little success. It 
was discovered that magnesium sulphate was a good etchant, a 
treatment for 30 seconds at 50°C-60°C in a 101 solution was 
found to be excellent; not only were grain boundaries made 
visible but also the polysynthetic twinning so obvious in many 
grains. The phase at room temperature is $ in sintered samples 
and the twinning is developed during the a’+B transformation 
at 675°C.
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Fig. 53, 54, 55 and 56 are etched sections for 
sintering times of 2, 4, 8  and 16 hrs. There is little 
obvious grain development, in view of the initial gamma 
particle size. The dark areas are pores.
Fig. 57 and 5 8 ,and 59 and 60 are pictures from the 
scanning electron microscope of sections heated to 1000°C 
and 1150°C. There is no evidence of sintering. Fig. 61 and 
62,and 63 and 64 are pictures from sections sintered for 2 
and 16 hours at 1500°C. Sintering is evident and so too, the 
pores. It is much clearer too that the grains are not well 
developed. These findings support the view that fine grains 
do not transform to gnmaon cooling.
6 . THE USE OF ADDITIVES TO CONTROL DUSTING
It should be realized that additives are not the 
unavoidable impurities which have already been discussed. 
Additives are chemicals deliberately mixed in small but 
known amounts with powders whose behaviour is already well 
known. As the literature survey makes clear there are two 
groups into which chemicals fall which, whilst dusting«f=they 
are the physical inhibitors and the chemical inhibitors. With 
the goal in view of being able to control dusting three oxides 
were chosen for investigation, all of which could be termed 
’‘non-permanent'’ in their stabilizing action meaning that 
stabilized material could be de-stabilized under the right 
conditions to permit dusting.
The three oxides chosen were chromium oxide, (mainly 
the trioxide but occasionally the sesquioxide) molybdenum 
trioxide and sodium oxide (mixed as the carbonate). Only 
the purest grades of silica and limestone were used for these 
mixtures. In addition to these three additives excess lime 
and silica, which amount to deviations from the stoichrometric 
compound, were included for investigation, though the powders 
were not of the highest purity.
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FIG 53. YC,S SINTERED 1500°C/2hr.
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FIG 57. yC:S HEATED 1000°C/4hr.
FIG 58. yCpS HEATED 1000°C/4hr.
110
FIG 59. yC,S HEATED 1150°C/4hr.
FIG 60. YC2S HEATED HS0°C/4hr.
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FIG 61. yC-,S SINTERED 1500°C/2hr.
FIG 62. yC-,S SINTERED 1500°C/2hr.
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FIG 63. tC2S SINTERED 1500°C/16hr.
FIG 64. vC.,S SINTERED 1500°C/16hr."™” L* I.— * — — —
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6.1 Silica (Si02)
Silica was added in excess to a batch of gamma C2S 
made from the least pure materials to the extent of 0.51 
and II. Pellets were heated to 1100°C, 1200°C, 1300°C,
1400°C, 1450°C and 1500°C and furnace cooled. In every 
case dusting took place readily, whereas without a silica 
excess sintering would have been expected in compacts heated 
to 1450°C and 1500°C. A later experiment however set about 
using this dusting promoting effect to prepare a powder 
which would consistently dust from 1500°C on furnace cooling 
by adding silica. A powder containing II silica was made 
in ethanol and dried and from this small batches of pcwder 
were made containing from 0 . 1  to II silica, by mixing with 
different quantities of powder without the excess. Compacts 
were made and heated to 1500°C/16 hrs and furnace cooled.
The results (Table 10) are most interesting for they show 
that the silica has inhibited the dusting at small concentrations 
but promoted it at higher concentrations
TABLE 10
% Silica 0 0 . 1 0 . 2 0.3 0.4 1
Result Dusting Coarse
Dust
No
Dusting
No
Dusting
No
Dusting
Dusting
It was not possible to arrange a convenient technique for 
estimating the percentage of silica. X-ray work had to be 
ruled out because the only useful peaks were coincident with 
those of C2 S. What action silica has in excess is not at all 
easy to say but it is likely that it is not present as free 
silica. Within the lime/silica phase system there are several 
other compounds apart from dicalcium silicate such as 
tricalcium disilicate containing more silica than the 
stoichiometric lime/silica ratio of 2:1. This compound melts 
at 1460°C and the liquid phase may promote grain growth and 
favour eventual dusting. The explanation for the absence of 
dusting at smaller silica concentrations may be that the small 
volume of glassy phase formed inhibits rather than promotes 
grain growth.
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6.2 Lime (CaO)
The effects of a lime excess are rather irreproducible. 
Before experiments were conducted on adding lime some time 
was given to estimating the percent of free lime in several 
nominally pure pcwder batches, as a result of the somewhat 
disappointing quantitative X-ray work. A simple, wet chemical 
analysis was conducted to estimate the free lime but its 
results were later proved to be erroneous. The technique is 
that of Young (74) and depends on a sugar solution reacting 
with free lime to produce a saccharate which is titrated 
with standard oxalic acid. The first free lime estimations 
are shown in table 1 1 .
TABLE 11
POWDER % FREE LIME
Unbumed 
Limes tone/s ili ca 
Mixture 
2:1 Ratio 0.25
Y A 5.7
Y  B 6.4
Y  C 1 1 . 6
12.5
Y  E 8 . 2
Y  F
8.9
It was noticed that batches A and B, examined at the same 
time contained similar amounts of lime, so too, did batches 
C and D, also estimated together but on a different occasion, 
similarly batches E and F.This threw suspicion on the 
technique. During the estimation a standard sugar solution 
is allowed to stand for a few hours containing the C2 S powder 
in suspension to react all the lime. Normally the time of
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standing is not critical but it could be, that with dicalcium 
silicate with increasing time the compound is hydrolysed 
to release lime and obviously this nullifies any results. 
Furthermore, batches D and F were analysed on a later 
occasion by the same method, again without thought as to the 
time of standing the suspension.They gave a value of free 
lime of 5.5 and 6.31 - both similar with respect to each 
other but different with respect to the first analysis. Still 
further, a small batch of C2 S was treated with the sugar 
solution, filtered, washed and dried and shown by X-rays (see 
below) to contain no free lime. On a subsequent wet analysis 
it gave an apparent amount of 1 2 1  - proving the C2 S releases 
lime on standing in a sugar solution - though the sugar may be 
unimportant.
Although the wet lime analysis was intended to help to 
correct the X-ray traces for quantitative estimation of y and 
3 in mixtures, it was established quite easily that in fact 
most C2 S batches contain only one or two percent of free lime 
at the most, indicating almost complete combination of the 
lime and silica to form the silicate. The XRD work involved 
preparing several mixtures of lime with a batch of gamma made 
from the purest silica and limestone. A good straight line 
was able to be drawn through points on a peak area v. % lime 
(Fig. 65) which passed through the origin and one hundred 
percent lime. This could not have been done if there was any 
significant amount of lime already in the y powder. Having 
Established the purity of powder batches the effects of 
deliberate addition of lime are therefore much more meaningful.
Five batches of y powder were taken, known to be giving 
compacts which dusted readily on cooling from 1500°C and the 
following percentages of lime added :-
0.5, 1.0, 1.5, 1.75, and 2.0
Each powder was pressed into pellets and burned at 1400°C for 
16 hours and cooled at a moderate rate to room temperature to 
homogenize the mixtures. The 1.75% and 2.0% powder batches had 
a distinct pinkish tinge indicative of a lime excess. The
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results of heat treatment are interesting. The 0.5, 1.0,
1.75 and 2.01 lime batches all dusted completely in the 
following tests:-
a) 1500°C/2 hr. Furnace Cool
b) 1500°C/2 hr. + Rapid Cool 150°C/min)
c) 1500°C/16 hr. -*» Furnace Cool
d) 1500°C/16 hr. + Rapid Cool
Compacts from the 1.51 lime batch survived the rapid cooling 
tests but not the furnace cooling, and it is believed this 
result is only chance. So a lime excess does not appear to 
inhibit dusting up to 2 . 0 1  excess and therefore does not play 
a part in the varying behaviour of nominally pure batches of 
powder.
6.3 Chromium Oxide (CrO^ , C^Op
As pointed out in the literature survey oxides of
chromium can stabilize the beta phase by substituting for 
4-the [SiO. ] coup lex in the beta lattice. Only anion
, . 4-conplexes smaller than the [SiO^ ] complex can exert such
an influence. The chromium ion, it is well known, has many
different states of oxidation, each with its own ionic radius.
Only the hexavalent Cr^ + ion is smaller than the silicon ion.
One might expect therefore that under oxidizing conditions the
3 phase will be stabilized by small additions of the trioxide.
Experiments have shown that the sesquioxide is also effective
in stabilizing the beta phase but it is not clear why this is
3+so since the chromium Cr ion is larger than the silicon ion. 
Furthermore, the trioxide which is orange in colour and imparts 
a yellow colour to the compacts is reduced to the green sesquioxide 
after sintering in air. The above theory may still be valid 
however because of the subsequent inducement of dusting by heat 
treatment of sintered compacts in a vacuum which is believed 
reduces Cr to the ineffective Cr ion.
The following mixtures were prepared by grinding thoroughly 
the small quantity of additive into the C^ S powder to homogenize 
the mixture. The results are tabulated below (Table 12).
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3.
0 
No 
du
st
in
[Not every test needed to be performed since if furnace 
cooling did not give dusting then the other more severe 
cooling rates could only give the same result].
The first heat treatments indicated that quantities 
of about 0 .1 1 -0 .2% represent the threshold below which 
stabilization of the 3 phase is doubtful given that other 
conditions are not tending to stabilize the 3 as well e.g. 
the cooling rate is very slow. Taking those percentages 
as a starting point, slightly more severe cooling conditions 
were imposed but which were still not so severe as to risk 
"spalling” of larger specimens. The results indicate 
that 0 . 1 1  CrO^  or C^O^ is about the lowest amount that can 
be safely used to inhibit dusting given that one furnace cools 
down to 450°C followed by air quenching through the 3-*y 
transition temperature O  400°C) to room temperature.
Higher percentages of CrO^, such as 2 or 3 %9 were 
found to lower the refractoriness of the silicate and many 
compacts collapsedunder their own weight, and fused with the 
platinum foil in the boat; some were successfully sintered, 
however.
Heat treatment was performed in a vacuum furnace at 
1350°C followed by various cooling rates. Furnace cooling 
in this furnace was very rapid as the specimen was simply 
surrounded by molybdenum heating strips. Cooling conditions 
comparable to furnace cooling in the ordinary electric furnace 
were achieved by manual control of the Eurotherm.
The results are shown below (Table 13).
/P.T.O.
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TABLE 13 VACUUM HEAT TREATMENT OF SINTERED DOPED G,S.
J^deat Treatment 
Speclmeir~— ■— .
1350°C/2 hr 
Slow Cool
0
1350 C/2 hr 
Fast Cool
13S0°C/1 hr 
Slow Cool
0.11 Cr03 Dusting No dusting Dusting
0 . 2 1  Cr0 3 Dusting No dusting -
0 .1 * Cr2 0 3 Dusting - -
11 Cr2 03 - Dusting -
2 * Cr2 0 3 Dusting -
Ihe rather dark green colour of the pellets become quite a 
bright yellow/green powder after dusting suggesting a 
chemical change of some sort. It was found however that a 
treatment in air at 1350°C of 0.1 CrO^  compacts similarly 
resulted in eventual dusting. Vacuum heat treatment for the 
1  and 2% C^O^ pellets resulted in dusting after 2 hrs. at 
1350°C even with a moderately fast cooling rate, whereas 
pellets only showed a trace of dusting when given a similar 
heat treatment in air.
Ihe conclusion of the work on chromium oxides is that 
it could be successfully used to control the dusting behaviour 
of C^ S. Extensive work into vacuum heat treatment was 
frustrated because of the furnace being out of action.
6 .4 Sodium Oxide (Na2 0 )
Added as another compound, such as sodium carbonate
which calcines to the oxide, sodium oxide is able to inhibit
dusting and this has long been reported in the literature.
Like chromium oxide it is also crystal chemical in mode of
action by substituting not for the silicate amon but for the 
2+Ca cation. The sodium cation is larger than the calcium 
cation and again upsets the crystal lattice order and brings 
about stabilization. Two ways to prepare compacts were 
tried. Firstly, powders were prepared by heating an
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intimately ground mixture of sodium carbonate and dicalcium 
silicate at 1400°C for 16 hrs. Percentages of Na C^O^  were
0.1, 0»2, 0.3.,.. .1, 2, 3, 4 & 5 %. In subsequent heating 
tests dusting was observed on cooling from 1500°C. Secondly, 
compacts were made by grinding sodium carbonate with C^ S 
and sintering directly at 1500°C/16 hrs. Compacts survived 
cooling to room temperature with quantities from 2 % upwards. 
Quantities below this, such as 0.15, 0.45 gave a coarse 
dust as pointed out in section 3. X-ray spectrographic 
analysis was perfoimed on dusted powders and crushed undusted 
material to estimate sodium ion concentration which revealed 
that roughly 901 of the incorporated sodium ions were lost by 
vaporisation on heat treatment. Overall the analysis did not 
correspond very well to the observed behaviour. It was 
unfortunate that the analyses were performed by technicians. 
Table 14 lists some quantities with comments.
Clearly sodium carbonate does inhibit dusting as the 
sauples to which it was added were prevented from dusting. 
However the analysis for sodium ions of samples G-P gave 
quantities which did not always inhibit dusting in other 
sauples, such as sauples Q, R, and S; but these three were 
analysed elsewhere. Samples E and F were from the same 
conpact which had only partially dusted, and this does show 
a higher sodium level in the undusted portion.
If quantities of 2% and upwards of sodium carbonate 
(= 0.9% Na+) are needed to stabilize di calcium silicate then 
sodium cannot be solely responsible for the failure of many 
nominally pure powders to dust on cooling from 1500°C/10 hrs. 
The anomalous behaviour remains something of an enigma.
When it came to the controlled cooling treatments it 
was found to be difficult to encourage dusting. Compacts 
were heated in air at 1350°C for periods of time up to 20 hrs. 
before eventual dusting took place. Under conditions of 
vacuum only 1 hour at 1350°C resulted in dusting of a sample 
, originally containing 3% Na^ CO^ ; however a second test was 
not so successful in which a 2 % Na2 C0  ^conpact failed to dust 
after 2 hrs. at 1350°C.
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Sample Na+ Content Remarks
A Purest C9S from Optran 
+Cab-OSll
0 . 2 2 Dusting freely from 
1500°C/16 hrs. Rather 
high fNa+l
B 0.05 Dusting freely from 
1500°C/16 hrs.
C Least pure C-S from ppt, 
and analar CaO^ 0.15 Not dusting from 1500°C/16 hrs.
D ? t 0.15 -
E
F
Dust from a sample
Crushed undusted 
material from E
0.09
0.16
/ Origin uncertain but 
> Partial dusting
G 23 Na2 C03  1500°C/16 hr 0.13 No dusting
H " " 13S0°C/ 4 hr
0 . 1
I 2}3 " 1500°C/16 hr 0.16
J " " 1350°C/ 4 hr 0 . 1 -
K 31 " 1500°C/16 hr 0 . 1 1
L " " 1350°C/ 4 hr 0.09
M 3J3 " 1500°C/16 hr 0.5
N " " 13S0°C/ 4 hr 0 . 1
0 ' 41 " 1500°C/16 hr 0.25
P " " 1350°C/ 4 hr 0 . 1 \f
Q 33 Na- 00, 0.06 j Dusting
R 43 0.29 > V.slow cooling to RT
S S3 0.35 J from 13S0°C
6.5 Molybdenum Trioxide (MoOp
Molybdenum trioxide is generally considered to be a 
stabilizer and inhibits dusting by accumulating at grain 
boundaries as calcium molybdate and interrupting the spread 
of a new crystal front of y during the p-*y transformation. 
Prolonged heat treatment has been shown to weaken its effect 
by dispersing the molybdate. Molybdenum trioxide is also 
rather volatile and it may lose its effect by vaporisation. 
There may even be a third way and that is by a change of 
oxidation state like chromium oxide. Pellets were prepared
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containing 0.1, 0.25, 0.5, 0.75, 1, 3 and 51 of the oxide 
carefully ground and mixed with the C^ S powder. 0.1 and 0.25% 
were ineffective in stabilizing the 3 phase. 0.5
and 0.75%'wsre. effective after 4 hrs. sintering but not 
16 hrs. Pellets containing 1, 3 and 5% were effectively 
stabilized after sintering for 16 hrs. and furnace cooling. 
These results demonstrate the loss of stabilizing ability 
with increasing time and high temperature. Controlled 
heat treatment of the 1% pellets in air resulted in 
dusting, but only after annealing for at least 3 hrs. at 
1350°C. Pellets could however be held in a vacuum at 
1350°C for shorter periods of time to promote final dusting. 
The 3 and 5% pellets did not dust even after 4 hrs. in vacuo.
The results are summarized in Table 15. Not every 
possible run is included but this was not always necessary.
TABLE 15 ACTION OF Mo0_ ON THE TRANSFORMATIONS
SINTERING CONTROLLED HEAT TREATMENTS
Treat­
ment 1500/4hr 1500/16h]
AIR @ I350°C
lhr 2hr 3hr 4hr
VACUUM 6 1350 C
lhr ihr 3hr 4hr 6 hr
0 . 1 DUST DUST
0.25 DUST DUST
0.5 NO DUST DUST
0.75 NO DUST DUST
1 . 0 - NO DUST
3.0 - NO DUST
5.0 NO DUST
NO NO HJST HJ5T1 
DUST DUST
NO DUST- DUST - 
DUST
- - NO NO
DUST. DUST
- - - NO
DUST
The gamna powder obtained from pellets which dusted under a 
vacuum was of a bright lilac colour suggesting that the 
oxide, originally green had been reduced but it is not known 
to what extent this played a part in the dusting.
7. DEVELOPMENT OF A SELF-DISINTEGRATING CORE
7.1 Discussion
Ceramic cores for vacuum investment casting of nickel- 
base alloys must meet several stringent requirements. They 
are often of small dimensions and factors such as strength 
at temperatures of 1500°C - 1600°C, low distortion, low 
coefficient of theimal expansion etc,are critical. The 
core must not react with the cast metal, and must be easily 
removed from the casting. It is the last aspect which is 
peculiar to core materials. Mstallurgically any need to 
employ very aggressive chemical solvents, requires considerable 
attention from the point of view of intergranular corrosion 
and/or fatigue of the relevant nickel-base alloys. Despite 
the complexities of behaviour and likely influence of several 
variables, the work so far on dicalcium silicate was sufficient 
to foim the basis for preparing self-disintegrating cores 
thereby eliminating the need for dissolving them out of a 
casting.
Sintering and strength development are adequate. There 
are several ways in which dusting can be inhibited in order to 
prepare cores. The simplest method is to air quench the. 
sintered article if made from the less pure powder. This is 
not desirable for two reasons. Firstly, the "medium" purity 
gamma powder must be used and its behaviour from batch to batch 
is rather variable.(One cannot use the least pure powders 
because subsequent dusting by heat treatment after sintering 
may not be possible). Secondly, the risk of spalling would be 
high in larger articles. The most satisfactory solution is to 
use the purest powders containing a small quantity of a 
stabilizing additive and to cool the sintered article at a 
moderate rate. Of the additives investigated silica and lime 
excesses are rather unpredictable in behaviour. Sodium oxide, 
once it has stabilized C^ S is not particularly easy to render 
ineffective by heat treatment. Molybdenum trioxide and 
chromium trioxide are the most promising materials and of these
perhaps chromium trioxide is better because the former is
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volatile and is likely to react with the casting in a real 
situation. The percentage of chromium trioxide added and 
the cooling rate employed need to be optimized. There is a 
need to avoid too much additive as this will make subsequent 
dusting more difficult but at the same time the smaller the 
quantity used the faster the cooling rate needs to be to 
prevent dusting during the preparation. Vacuum heat treatment 
at high temperatures with slow cooling conditions - conditions 
which promote eventual dusting, are the very conditions under 
which casting is carried out.
7.2 Simulated Core-in-Casting Tests
One crucial aspect of the work of course is to observe if 
dusting, which demands a 1 2 % volume expansion, takes place 
under physical constraint, as it will have to in a real casting 
situation. There is evidence in the literature that external 
pressure can in fact encourage some phase transformations which 
involve an expansion. Some experiments were therefore 
conducted in which a rod of C£S was pressed and sintered at 
1500°C, wrapped in platinum foil and inserted into a suitably 
strong inert material to represent a casting. A tube of silicon 
carbide was tried at first (a used Crucilite heating rod) but 
it reacted with the alumina boat and the dicalcium silicate 
(which must have been exposed in part). A piece of alumina 
thermocouple sheathing was a much better proposition. Fortunately 
a tight fit was obtained. After heating and cooling dusting was 
found not to proceed smoothly from the exposed ends towards the 
centre but the powder simultaneously compressed itself under 
the growing constraint imposed by the tube; nevertheless the 
compacted powder could easily be shaken loose and poured out. 
Another test gave similar results but this time the force of 
dusting was sufficient to actually shatter the tube, and toss a 
piece of sheathing to the side (this happened whilst the cooling 
specimen was being watched).
Clearly, a completely enclosed compact is difficult to 
get to dust readily and a realistic core-in-casting situation 
would demand some space to allow the transformation to proceed.
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Such a space could be provided:-
(a) by using a lew green density prior to sintering,
(b) by restricting sintering,
(c) by incoiporating combustibles or subliming agents in
the C2 S to be compacted,
(d) by using a specimen containing holes or in the limiting
case, a hollow sanple.
The first two possibilities are undesirable because densification 
is likely in service, whilst the last possibility would be 
difficult to realize because of the small core dimensions. 
Possibility (c) was felt to be the most practicable.
7.3 Porous Compacts
Porous compacts can be prepared by incorporating a 
combustible in the C2 S powder before pressing it into pellets 
and then heating slowly to a temperature to evaporate it out. 
Several materials were tried initially at 201 by weight
(a) Sucrose was found to be unpleasant to use and unsuitable.
It is sticky and jams the pressing die at all but the lowest 
pressures. It melts at a low tenperature and breaks apart the 
compact.
(b) Ammonium Chloride
Ammonium Chloride is used in industry as a combustible, 
however the volatility was not found acceptably high. Pellets 
were held at 150°C under a vacuum overnight and on subsequent 
heating more of the chemical was found to evaporate out, again 
causing disruption of the pellet.
(c) Carbon
Animal charcoal was crushed and graded into a number of 
fractions. Granules between 500 and 700ym were taken and 
blended with the C2 S powder and pellets prepared. A heat 
treatment at 1000°C for a few hours removed the carbon by 
oxidation. Sintering to produce porous pellets was then 
successfully accomplished giving a final porosity of about 251.
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Strength values were a little low at around 20 kg/cm2 which 
may not be adequate for use in service. Granules mixed at 
151 by weight gave porosity values of about 201 with much 
improved strength values of about 50 kg/cm which is probably 
adequate for service use. Such strength values are in 
keeping with the typical exponential decay of strength with 
increasing porosity.
8 . DISCUSSION AND SUGGESTIONS FOR FURTHER WORK
In what has been only a very brief investigation into 
dicalcium silicate it has not been possible to present more 
than a rather incomplete picture of the dusting phenomenon 
and almost every area of investigation could usefully be 
opened up further .
Electron spectroscopic analysis on a sanple of gamma powder 
gave clear evidence that there exists on the surface of the gamma 
powder a firmly adherent layer of hydroxyl groups, but what• -
significance this may have is not known, except to say that in 
experiments where an accurate weight of powder is required, due 
allowance must be made for the inaccuracies such a layer will 
cause and this fact may have contributed to the very disappointing 
specific gravity results. X-ray diffraction techniques have 
confirmed the dusted phase to be almost entirely gamma. The 
dusting phenomenon has been shown to be sensitive to a variety 
of factors which inhibit it and the beta phase is frequently 
retained down to room temperature. The project highlights the 
most important factors which affect this transformation. Extensive 
work on the sintering and observation of dusting of C2 S proves 
that the dusting phenomenon very readily takes place when powders 
of the highest purity are used, independent of cooling rate.
The dusting was less predictable in powders of greater impurity 
and was found to be dependent on other factors. Of these the 
thermal history was shown to be most important. The first 
observation was that the dusting phenomenon was affected by the 
maximum attained temperature of sintering.
Specimens heated at 1400°C dusted readily even if cooled 
moderately fast. Specimens furnace cooled from 1500°C would
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sometimes dust and sometimes not though, by and large, it was 
consistent within any one batch of gamma powder. Specimens 
cooled rapidly from 1500°C did not dust. The least pure 
starting powders did not dust when cooled from 1500°C but 
would dust when cooled from 1400°C. These observations 
suggest that heating or otherwise holding in the" af phase 
region (1400°C) favoured eventual dusting but that heating 
within the a phase region (1500°C) favoured the retention of 
the beta phase down to room temperature and therefore permitted 
the sintering of compacts. A number of slow cooling treatments 
from 1500°C on specimens which were pre-sintered has demonstrated, 
in keeping with the above observations, that dusting is promoted 
if the cooling rate is very slow, in particular if specimens 
are held high within the a’ phase region where it is suggested 
grain coarsening takes place which ensures that every grain 
contains at least one viable nucleation site for the transformation 
to beta and thence to gamma. It is likely that grain coarsening 
is much faster in the purest material since impurities generally 
inhibit grain growth, and that this explains the ease with which 
this material dusts on cooling. With the less pure powders, 
annealing becomes necessary to coarsen the grains. It is also 
realized that there may be more than one explanation. The above 
observations are conveniently summarized in Table 16*
/P.T.O.
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i/muc xu
-^ Temperature
MateriEU'"--^^
1400°C 1500°C
Furnace
Cool
Air
Quench
Very Slow 
Cool
Furnace
Cool
Air
Quench
Purest —  
Cab-O-Sil
Silica +
Optran
CaC03
DUST DUST DUST DUST DUST
Medium Purity— 
Acid-Washed 
Silica +
Analar
CaCD^
DUST DUST DUST Variable 
dependent 
on Powder 
Batch
NO
DUST
Least pure —  
Analar 
CaCX)^  +
ppt. silica
DUST DUST VARIABLE NO
DUST
NO
DUST
Sodium oxide has beui mentioned as an inpurity known to be 
present in the less pure silica but it may be that it plays 
only a part along with several impurities in stabilizing the 
beta, and the results too of the sodium estimations on several 
powders do not give convincing evidence that sodium is solely 
responsible. The particle size of the starting powders and 
the pressure of compaction of the specimens have not been 
shown to have any effect on the final behaviour of cooled 
material.
Experiments with the dilatometer have been interesting 
and have pinpointed the temperatures of some of the phase 
transformations as well as showing the onset and rate of 
sintering.
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The dusting phenomenon has been found to be markedly 
affected by the incorporation of additives into the powders. 
Several additives were investigated. The results of silica 
and lime excesses are rather unclear and a probable explanation 
is that the starting powders to which the excesses were added 
were not themselves stoichiometric mixes. It was felt that 
there was a need to have a reliable and convenient way of 
estimating the excess free lime and silica in powder batches. 
Lime can be estimated with fair accuracy by XRD techniques 
but silica cannot because its useful peaks are coincident with 
those of dicalcium silicate.
Three foreign additives were examined closely because 
they have been reported as stabilizing the beta phase 
temporarily and that this effect could be reversed by some 
subsequent heat treatment. Chromium trioxide at small 
concentrations of about 0 . 1  - 0 .2% inhibited dusting in 
compacts given a cooling treatment only slightly more severe 
than the rather slow furnace cooling, and almost certainly 
slow enough to avoid running any risk of shattering sintered 
articles due to thermal shock. Dusting could be promoted on 
a second heat treatment of sintered compacts under conditions 
of vacuum. A few hours at a temperature of about 1350°C 
followed by slow cooling brought about dusting.
Sodium oxide was effective at higher concentrations 
(31 ^203^). Subsequent dusting was difficult to achieve. 
Molybdenum trioxide at concentrations of at least 1% was found 
to stabilize the 3 phase which could be subsequently encouraged 
to invert to the gamna by heat treating for a few hours at 
1350°C either in air or in a vacuum. Of all the additives 
chromium trioxide was preferred giving more or less the right 
combination of stabilizing ability and relative ease with which 
its effect is destroyed. It is favourable too from the point 
of view of its low volatility and likely compatibility with the 
nickel-base alloys unlike molybdenum trioxide which is volatile 
and very likely to react with the casting.
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The limited work with porous compacts suggest that it is 
probably feasible to employ porous cores to make room for 
dusting. At least 12% porosity is going to be required which 
is the density change in going from beta to gamma. It would 
appear that the right balance of strength and porosity could 
just be attainable.
There is certainly scope for much further work in this 
very fascinating area of study. X-ray diffraction studies, 
although of a more academic nature, could be advanced with a 
view to accurately estimating the percentages of gamma and 
beta in material at room temperature. Another important aspect 
of the work has been the influence of the grain size of the 
higher phases of dicalcium silicate on the room temperature 
products, and it is desirable to be able to make high 
temperature observations of sintering material, to measure 
the grain sizes and to correlate these with the room temperature 
products. Precisely what happens at the a’^  a transition with 
respect to.the microstructure needs to be known too. The work 
involving simulated core-in-casting needs to be developed further 
along with the use of porous cores.
One area of study which has not been touched upon is that 
of dusting promotion by chemical additives. Iron oxide, for 
example is reported in the literature to promote dusting and it 
is felt it would be worthwhile trying to apply this to the 
problem of core removal.
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10. APPENDIX
ASTMS INDEX CARDS FOR GAMMA AND BETA DICALCIUM SILICATE
d 1.73 1.*'1 3.01 5.63 r-CAt Si04
VU 100 80 70 40 camma Calciim ortho Silicate (Calcio-olivinf)
R*d- CuA*. a L.54Q5 rutar DU. 6.026CM d A VI, hkl d A VI, bkl
Cutoff I0-1.22A I/I, VlBUAL FiTIUATF (rocuoiM  camera) 
Rat N.Yanmaoui*, Rrv. materials construction, 213 (1955X
5.63
4.32
40
60
002
012
{ 2.16 
2.05
20
10
024 7 
105
?.TX“ 40 110 2.03 10 220
Syv Orthorhoms 
a. 5.07* b.
* f
Bat la in .
C
6.75*
a o .  cJS -  Pomn
e, 11.23 A 0.751 C 1.662 
T Z 4 Dx
3.82 60 111 1.963 40 115
5; * 7 1
3.38 
3.23 
3.01
40
50
icr
70
TQ
20
_5Q
100
40
20
50
30
50
20
30
30
102
020
112
103
1.933
1.909
17881"
1.813
20
80
TO"
50
132
222
204
214
0
Rat Isic.
nvl t St*n
Color COLOPLE AC
»» 1
2.80
2.75
2.73
2.59
004 
113 
121 
014 
200 \ 
122 
201 \ 
104 
211 
123 
212
1.755
1.689
1.675
r — 
U
^
H
t
O
C
B
M
M
U
Q
t
 
09 
-
Z 
O
O
O
O
O
O
O
O
O
O
C 125
040
301
Sampli FIREE 30 UIN. AT 1525°C, then cool re «lo«ly to
'ORDINAPt TEMPERATURE.
Stablt oflov 82CrC» transforms at 820°C to a'form 
(ONTHO«MOMOie).
* I T7> Olivine STRUCTURE) NAF BEEN CALLED SHANNON ITE. SEE
Hellir and Tatlop "Crtst. Data fon tht Calcium Silicatei’ 
LgSJoa. 1950.KEPLAC t^ 3-0183.41 3-0776.7
L 2.54 
2.51 
I 2.47 
2.46
2.32
2.25
2.19
1.645 
1.636 
1.625 
1.542 
1.528 
1.500 
PLUS 15
224
026
311
142
107
321
TO 1.233
9*381
d 2.80 2.74 2.78 4.90 P-Ca,Si04 *
VU 100 95 90 9 beta Calciim optno Silicate (U anitf)
Rad W to i a 1.5*05 nhw SSJSc& .PU . 6.026cm 
Cutoff8 0 -1 .*8* x/i^ ichoohotoufthic (rocuBiNG camera) 
Rat N.Yamna«uib, Rrv. matepiaux conbtpuction 213 (l955)C 
H ibclFt , Acta Cptbt., ;  307 (1952)
SjfA. MONOCLINIC
a, 5.507 b. 6.75* 
• » 94°37'
B a t  laic.
2.G. (£* - P2*/n 
5.317 A C
Z * Di
( a  1.707 e.f 1.T15 (T 1*730 Sip> *
t v  MOO. O 3.2B rnp Color ColOplfbb
Rat. IlLLET, Nin. Mac. 22 77 {l929> natural mineral from 
S caft Hilli D bt MiDCLfr. Of. til.  __________
Sample prepares ar riPiNG at llOO°C roa t nourb, a
STOICHIOMETRIC MIXTURT OP COLLOIUAL StO. 7 CaCC^ . 
Transition point at 675°C. to  o' form (opthorhombic)
Replaces 6-0611
d A VI.
4 .902 9 M
l O
4 .645 13 C32
3.970 3 111
3.827 7 0 l2
3.783 7 111
3.377 11 020
3.241 13 I l 2
3.175 11 021
3.046 13 112
2.876 35 120
2.814 20 013
2.795 100 103
2.783 90 121
2.744 95 200
2.731 40 022
2.716 40 121
2.608 6£_ 103
X.543"' 13 210
2.451 20 202
2.1U_ 1 _ U L
d A l/l.
2.407 i 20 211
2.400 20 122
2.322 5 004
2.304 5 212
2.282 35 023
2.196 11 014
2.188 65 031
T r r r r t e t 212
2.157 3 123
2.130 11 220
2.105 3 221
2.094 7 114
2.063 7 130
2.048 20 221
2.041 11 3l3
2.026 20 Ob 2
2.019 20 131
1.983 35 h i
1.913 I 024
Srr rot.lo» in 1 CAPS
9*3510
vu
2.80 2.7* 2.76 4.50
100 90 afta Calcium ortho Silicatf
d X
(L a r n it e )
TX
♦
Cut off 
Bat
W.
»T«- BQ.
C
Dx
Bud
D »«f
I T SlfB
Cater
Scr precfoino carp
1.897
1.892
1.845
1.821
1.808
1.804
1.791
1.768
1.743
1.727
1.718
1.707
1.695
1.690
1.661
1.634
1.627
1.621
1.61*
1.604
VI.
213
222
124
033
123
1050l5
301
115
231
105
204,223
312
040
041 
303 
025 
224 
140
321___
1.603
1.596
i .5 e ?
1.575
1.556
1.552 
1.548 
1.523 
1.513 
1.509 
1.485 
1.449 
1.445 
1.438 
1.428 
1.417 
1.407 
1.397 
1.391 
plus 10
VU
5
3
5
113
9
3
733
73
73
3
9
3
5
7
LINFS
hkl
232
141 
042 
134 
215
233 
006 
224
142 
Oie
313^116,233
215
143,225
240
234
143,531
026
206
331,242 
19 l.gflt,,
138
